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PREFACE

The objective of this expeniment was to determine the accuracy that could be obtamed in
computing the position of an awcraft when using sidetone ranging measurements between a
ground station, Application Technology Satellites ATS-1 and ATS-3, and the amcraft

The ground stztion employed for this experiment was the Omega Position Location
Equpment (OPLE) Control Center (OCC) The OCC was modified to communicate with two
satellites, simultaneously, and to generate a 941-Hz sidetone Two identical VHF transponders
were constructed, one for use as a reference termunal, and the other for use as an amrcrait
terminal

Texas Instruments provided, as a company-funded effort, a real-time display system which
displayed the amrcraft position as tracked by both the safellite trackmng system and a Texas
Instruments awrport surveillance radar system (ASR-7)

The experiment demonstrated that an awcraft could be located 1n real time within
approximately 3 nautical mules, further reduction of the data improved this accuracy to
2 nautical miles

The following recommendations are made for future satellite position location systems,
using sidetone ranging

1 A frequency be chosen that 1s subject to less interference
2 Tume division multiplexing should be used
3 A higher sidetone frequency should be chosen

If these recommendations are adopted, position location accuracies on the order of 1 nautical
mile can be achieved
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TEXAS INSTRUMENTS INCORPORATED
EQUIPMENT GROUP
13500 North Central Expressway
PO Box 6015
Dallas, Texas 75222

May 1971

VHF NAVIGATION EXPERIMENT
FINAL REPORT
U9-832400-F

SECTION 1
INTRODUCTION

Texas Instruments was selected by NASA Goddard Space Flight Center (GSFC) to conduct
the VHF Navigation Experiment (also known as the VHF Range/Range or VHF R/R
Experiment) The purpose of the expermment was to defermine the accuracy that could be
obtained m computing the position of an awrcraft, flying at known altitude, using sidetone range
measurements between a ground station, the Applications Technology Satellites ATS-1 and -3
and the amrcraft The ground station that was used was the OPLE Control Center (OCC), and the
self-check feature of this equipment was modified to provide a sidetone range measurement
capabihty using a 941-Hz tone A VHF transponder was also designed and two were constructed,
one to function as a reference terminal and the other as the amcraft flight terminal

It was the intent of the contract to use the modified OCC to compute the phase angles
associated with the various range measurements and fo then perform the position location
computations off-lme Early 1n the experiment, however, Texas Instruments recogmzed the need
for ondime {(or real-time) position location and display for two reasons Furst, real-time
measurements of the system parameters were essential to simphfy checkout durng mtegration
and testing Second, 1t was considered that a real-time demonstration of position locatron with
comparative radar ground truth data wouid be most effective mn showmng the utility of satellites
to en route surveilllance of awr traffic Texas Instruments decided, therefore, to support the
program with company funding and provided the following 1tems

®  Real-time display equipment and software
®  Real-time radar data from an ASR-7 awrport surveillance radar
® A motion-picture documentation of the real-time position location system

As a result of subsequent schedule conflicts for the FAA awrcraft which was originally planned
for the flight portions of the experiment, Texas Instruments also donated the use of a PC-3
aircraft, and several successful flight tests were performed in November and December of 1970

The result of this NASA contract, and the funding contributed by Texas Instruments, was a
real-ime demonstration of amcraft position locafion using satellites 1n which an accuracy of
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approximately 2 nautical miles was obtained using the differential position location techmques It
1s believed that this represented the first real-trme demonsiration of a basic awrcraft surveillance

system

A Program Description

As shown on the accompanying schedule, Figure 1-1, the program was structured in two
phases The first phase dealt primarily with system design, modificationfcheckout of the OPLE
Control Center available & NASA/GSFC from the OPLE Contract (NAS 5-10248), and
development of a reference termnal rangmg transponder The second phase option was exercised
by NASA 1n January 1970, and involved developing a ranging transponder for the aircraft, testing
the transponders, and expermment flight testing following mstallation of the transponders

The schedule shows a number of other tests performed using the ground station i 1ts OPLE
mode to accommodate other agencies in evaluating such systems as Position Location by Orbatal
Tracking (PLOT), and Global Rescue Alarm Net (GRAN) As these tests were not part of the
present contract they are not discussed here, but are noted on the schedule to show some of the
overlap of usage of the OPLE Control Center

During integration of the system it was established that the link estimates made in the
ongmal proposal were optimistic, and that a number of system parameters would require
modification to allow the system to acquire lock The major sources of additional link loss were

®  Arrcraft voice communications mterference 1 the frequency band at 135 6 MHz durmg
dayhght hours (It was established that this interference was caused by direct radiation
from awcraft in the Dallas area )

®  Capture of a sigmificant part of the ATS-3 satellite transponder power as a result of
continuous mterference from ground radio sources

To improve the performance of the satellife commumications hnks, experniments were
scheduled late in the evening to minumize the possibilities of interference from the above two
causes To prowvide additional margin, the awrcraft and reference termmal transmitter powers were
mcreased from 5 watts to 20 watts, and the acqusition bandwidth of the OCC phase-locked
loops was decreased from 150 Hz to 50 Hz

As a result of the relatively narrow sweep range of the phase-locked loops i the OCC, it
was also necessary to establish high-frequency accuracy (£100 Hz) in both the pilot tone channel
and the ranging signal transmussion and receiving channels The pilot tone channel had previously
been incorporated into the OCC durng the OPLE expenmment to remove phase jitter i the
transponded signal imduced by one-way passage of a signal through the ATS-3 satellite Once
these factors were incorporated into the system, integration was completed and the flight and
static expenments were performed

The data from a number of tests were then computer analyzed off-hne (during the Final
Report task of Phase II) to determune the rms, mean and deviation position errors, and to
compare the deviation errors with predicted errors The results obtamned for both the static and
flight tests show very good agreement between predicted and measured errors
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B  Expermment Description

The method used for deternuming the position of the aircraft mvolved measuring the ranges
of the awcraft from ATS-1 and ATS-3, and then knowing the awrcraft altitude, solving for the
two points of intersection of the three spheres centered on each satellite and the center of the
earth and choosing the solution m the northern hemisphere The ranges of the amcraft to both
satellites are defermned in essentially two ways In the furst method, called absolute ranging, the
range from the control center to the awrcraft and back through the appropriate satellites 1s
computed using (1) the differences m phase between that measured over the path and that
measured 1n the cahbration mode using the reference termial, and (2) the known range from
the reference termunal to the satellite at the time of makimg the calibration measurement In the
second method, called differential ranging, the ranges of the aircraft to the satellites are
determmed n a sumilar manney except that effectively new calibration measurements through the
reference termimal were used for each measurement obtamned from the awrcraft In this way,
common mode errors caused by changes i the satelhie posrtion and equipment drift were
significantly reduced

Although the computer in the QCC was programmed in the OPLE expermment to compute
phase measurements only, the program was enlarged to solve the position location algorithm
from the phase data, and to convert radar range and bearing information into latitude and
longitude The digital outputs from the computer were then converted to analog voltages and
used m a time multiplexed manner, to control the position of the display spot of a TV momntor
A scale map of the Dallas area was provided as a transparent overlay on the screen

In performing a real-time expeniment, the awrcraft flight began approximately one-half hour
before the assigned satellite time and the equipment would be checked out At the begmning of
satellite time, a calibration test was made at the OCC with all four of the OPLE recervers, or
phase measurement recelvers, assigned to receive signals relayed by ATS-3 from the reference
terminal The OCC was then placed m the acquisition mode and two phase measurement
‘recetvers assigned to each of the awrcraft termmal and to the reference termmnal In each pair, one
recejver would recetve signals relayed by ATS-3 and one would receive signals relayed by ATS-1

A frequency check would then be performed to reahze the requred tolerance for acquusi-
tion Any comections found necessary were accomplished using the synthesizers m the
down-conversion system Once these corrections were made, the system would lock and the
real-iime position deterrmunation could proceed
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SECTION I
SUMMARY OF RESULTS

Tins section presents a summary of the expenmental results A detailed analysis of these
results 15 provided in Section VI

A Position Location Results

A large number of checkout flights and experiment flights were made dunng the course of
the VHF Range/Range Expermment using the ATS-1 and ATS-3 satellites, the modified OPLE
Control Center, and a Texas Instruments awport surveiliance radar (as a source of ground track
truth data) These flights were made with a Texas Instruments DC-3 and lmited to a range of
70 miles from Dallas

Because of the large number of data pomts taken dunng each experument, an off-line
software program was written and used to analyze the data for two of the flights and two static
tests Table 2-1 gives a comparison of the rms latitude and longitude errors for the three
methods of position location employed (discussed in Section III) Both the differential ranging
and differential position location techmques proved to be superior to the absolute ranging
technique This 13 particularly well illusirated in Flight Data Fue 2 where the latitude errvor 1s
approximately 10 times greater in the absolute mode than in the differential modes

TABLE 2-1 POSITION LOCATION ERRORS

Absolute Ranging Differential Position Differential Ranging

Expeniment No Latitude Longitude Latitude Longitude Latitude Longitude
Description Samples Error (nm1)  Ermor (nmd) Error (nm) Error {(nmy) Error (am1)  Error (nm1)
Fhght Data

Fite 2 i77 1829 264 170 305 163 322

File 12 o1 534 611 438 215 414 221
Static Data .

File 5 116 434 246 451 123 427 138

File 6 140 365 507 292 185 257 203

The data presented mn Table 2-1 includes bias errors which are not common-mode effects in
the differential position location modes, as well as random error sources The error sources
nclude

@  Part of the propagation errors caused by the 1onosphere and froposphere
®  Measurement errors caused by system nose and ground processor imaccuracies

® Delay errors caused by uncompensated delays of awrcraft transponder, reference
transponder, satellite transponders, and the ground processor

®  Satellrte position uncertamty



As shown in Table 2-1, the position location error using the differential techmques are
approximately 3 nautical miles (nm1) To 1Hustrate that improved accuracy can be obtaned,
the data was analyzed to separate the mean error and the error deviation from the mean The
results obtammed from this analysis are shown in Table 2-2, where they are compared with the
predicted results

TABLE 2-2 COMPARISON OF EXPERIMENTAE AND PREDICTED
POSITION LOCATION ERRORS FOR DIFFERENTIAL RANGING

Expenimental Results Predicted Results
Latstude Error (nnm) Longitude Exrror {nm1) Latitude Longitude
Eror Exrox
Description ms Mean Dewviation ms Mean Deviation (o)} {nmn)
Flight Data
Fide 2 163 022 161 322 297 123 295 1795
File 12 414 -349 244 221 153 159 275 175
Static Data
Fite 5 427 413 1409 138 108 086 150 093
File 6 257 -206 153 203 183 088 150 093

Agreement between the predicted and measured deviation errors 15 very good The longitude
deviation errors for the static tests of Files 5 and 6 are 086 znd O 88 nm, respectively, as
compared with a predicted error of 1 50 nm

A companson of the predicted and measured deviation errors for the flight tests shows that
the actual errors are consistently less than the predicted errors For example, the predicted
latitude error 1s 2 75 nmm, but the measured results for Files 2 and 12 are 1 6 nm1 and 2 44 nma,
respectively, the predicted longitude error 1s 1 75 nmi, while the measured results were 1 23 nm
and 1 59 nmu for Files 2 and 12, respectively

In summary, the VHF Range/Range Experiment demonstrated that VHF sidetone ranging
using synchronous satellites for relay of signals can produce position accuracy on the order of
3nm using differential ranging techmques If bias errors are taken into account, the location
accuracy can be mmproved to better than 2 nnu A more optimum implementation of the ranging
tones would improve the position location accuracy to approximately 1% nm:

B Results of RF Link Measurements

As discussed m the introduction, it became necessary during the experiment to optimize the
various system transmitted signal levels to achieve satisfactory results Although the RF link
measurements were not mcluded m the original goal of the experiment, a considerable effort was
expended in gathering and analyzing these measurements A summary of these measurements 1s
presented 1n following paragraphs, detail discussion of these measurements is located 1
Sections V and VI



1 Limk Losses

The procedure used to measure the down-link losses 1s described in Subsection V A 3
The expermmentally determined up-hnk losses were derived from the measured down-link losses
by taking 1nto consideration the theoretical difference in free space losses, and cable and diplexer
losses Over a 2-month period, several measurements were made for each of the hnk losses and
the values tabulated mm Table 2-3 are an average of these measurements The predicted values are
derived m Appendix E

TABLE 2-3 LINK LOSSES

Lk Predicted (dB) Measured (dB)
Nominal Worst Case
GCC-t0-ATS-3 —-157 -1612 159
Aareraft-to-ATS 3 -1713 -17835 =170
Aarcraft-to-ATS 1 -171 3 —-178 5 —170
Reference-10-ATS 3 =172 3 —176 5 -169
Reference t0-ATS-1 To-1723 -1765 =174
ATS-3-10-GCC —-15517 -1597 —158
ATS-3-to-Aurcraft -1712 -178 2 —170
ATS-3 to-Reference —-1707 -174 7 —168
ATS-i-to-GCC —-154 2 —-1582 -160

As shown in Table 2-3, with the exception of the ATS-1-to-GCC loss, the measured
and predicted nomunal lnk losses agree to witlun approximately 3 dB The discrepancy m the
predicted and measured ATS-1 hnk loss was most bikely caused by the relatively low elevaiion
angle (21 degrees) of the satellite at the time the measurements were made

As was anticipated, the signal levels at the awcraft showed considerable multipath
related variations These signal fluctuations were on the order of 4 dB This should be considered
only as a normnal mulfipath effect because larger variations can be encountered i1f the awrcraft is
flying toward or away from the satellite The effects were especially pronounced during the time
that the aweraft was ascending or descending

2 Satellite Charactenstics

Power transfer curves for ATS-1 and ATS-3 VHF repeaters were experimentally
determined (as described in Subsection VA 4) by varying the power of the pilot tone
fransmitted to the satellite under test and measuring the recerved signal level at the GCC
Theoretical transfer curves were generated and compared with the experimental data to venfy
the hnk losses and power sharing at the satellites

The resulting power transfer curves for ATS-1 and ATS-3 are shown in Figures 2-1 and
2-2, respectively Comparison of the two experimental satelhte power transfer curves shows that
ATS-3 was approaching saturation with the GCC transmitting 50 dBm of pilot tone power while
ATS-1 was still several decibels below saturation This difference reflects the higher hink loss
between the GCC (ATS-3 antenna) and ATS-1 The satellite transfer characteristics are essentially
linear for transmitted levels less than 42 dBm because the predommant satelite input power 1s
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the relatively constant noise power For GCC transmitted levels greater than 42 dBm, the
recewved pilot tone signal at the satelbte 1s a sigmficant component of the total mnput power and
the slope of the transfer curve begmms to decrease

Comparison of the expertmental and predicted curves shows a 1-dB-maximum deviation
for the ATS-1 data and a 2-dB-maximum dewviation for the ATS-3 data Because the predicted
and experimental transfer curves approach saturation at the same GCC transmitter power level, it
can be concluded that if the link losses are correct, then the assumed —113-dBm satellite noise
power 1s also valid Thus 1s true because the slope of the transfer curve begins to decrease rapidly
when the recerved signal 1s on the same order of magnmitude as the noise power The discrepancy
between the measured and predicted ATS-3 power transfer curve 1s most hikely caused by the
one-way link loss being approximately 1 dB greater during the test than the values used for the
theoretical curve If this 1-dB error existed for both the up and down links, then the net result
would be an experimentally determined curve which 1s down by 2 dB from the predicted curve

3  System Carrier-to-Noise Power Density

The details of the techmques employed m this experiment to determine the signal-
to-noise power densities at the various receivers are discussed m Subsection V A 3 During each
expermment, data from the meters used for this purpose was recorded at specified intervals while
chart recorders provided a continuous record of received signal strengths

As discussed mn Appendix E, the carrier-to-noise power density at any receiwer 1s
partially deterruned by the link losses between each repeater Momitoring of the ATS-3
retransmmtted pilot fone signal at the GCC and the transponders provided data for verification of
power sharing at ATS-3 The predicted and measured pilot tone C/N, values are listed mn
Table 2-4 and 2-5 The predicted data s derived in Appendix E

Chart recordings at the reference transponder showed that the received signal was
relatively constant durmg an experiment peniod With the exception of local or satellite
nterference, signal variations m excess of 3 dB rarely occurred The recewed pilot tone signal at
the GCC also remamned relatively free of short ferm fluctuations The received signals at the
awrcraft, however, did exlhnbit frequent short ferm fluctuation of a larger magmitude than
observed at the reference transponder These signal strength varations were caused by local
mterference and mulipath effects During periods of heavy interference, the awcraft transponder
would frequently lose lock Because of this problem, the experiments were scheduled for a later
time at might
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Receiver
GCC
Aarcraft

Reference

TABLE 24 FILOT TONE CARRIER-TO-NOISE POWER DENSITIES

Predicted
Worst
Normnal Case
(dB Hz) (dB Iz)
483 431
368 282
373 317

* Early evenung, moderate mterference

1 Late evening/early morming, low mterference

Receiver

oW Y =

Maxsmum*
(dB Hz)

TABLE 2 5 RANGING TONE CARRIER-TC NOISE POWER DENSITIES

Predicted

(dB Hz)
287
27
30
283

Mezsured
Average* Maxmmumy Averagef
(dB Hz) (dB-1z) (dB-Hz)
46 2 518 51
336 394 364
349 39 378
Measured
Average* Maximom} Averaget
{dB Hz) (dB Hz) (dB Hz)
262 29 255
274 32 283
279 302 288
275 306 il
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SECTION Il1
SYSTEM DESCRIPTION

This section describes the major system components comprising the VHF Range/Range
Experument, the differential ranging techmques utihzed, and the subsequent determunation of
posifion A more detailed description of the system hardware 1s presented in Seciion IV and the
appendixes, a detailled analysis of the zlgorithm utihzed to determune posttion 18 also presented 1n
the appendix material

A Major System Component Description

The major components comprising the VHF Range/Range Experiment are depicted 1n
Figure 3-1 and consist of the Ground Control Center (GCC), reference fransponder, awrcraft
transponder, ATS-1 satellite, and the ATS-3 satellite Another vital component 1n the experiment
itself was Texas Instruments ASR-7 amrport surveillance radar which 1s also depicted in
Figure 3-1 The radar umt was utibized to provide truth measurements of the awcraft location
agamnst which VHF Range/Range determined position could be compared

The ground control center was located in the North Building of Texas Instruments Dallas
plant Housed in the same room with the GCC was the reference transponder The awrcraft
transponder was mounted onboard a DC-3 aircraft which flew within a 35-mule radius of the
location of the GCC Af the time the experiment was conducted, the ATS-1 satellite was located
approximately 0° latitude and 150° west longitude and the ATS-3 satellite was located
approximately 0° latitude and 45° west longitude

Each satellite serves as a transponder which receives 1 a 100-kHz frequency band centered
at 149 22 MHz and transmmis m a 100-kHz frequency band centered at 135 6 MiHz The ATS-3
satellite receives from and transmats to both the GCC and the transponders, whereas the ATS-1
satellate only receives from the transponders and transmts to the GCC Thus the ATS-3 satelute
1s termed the “master” satellite in that 1t transmits the ranging tones to the transponders,
whereas the ATS-1 satelhte 15 termed the “slave™ satellife in that it merely relays the
transponded ranging tones from the transponders back to the GCC

The awrcraft and reference transponders receive at 135 6 MHz and transmit at 149 22 MHz
The required ranging tones are generated at the Ground Control Center, relayed via the ATS-3
satelite to the awrcraft and the reference transponders, retransmitted by the transponders on two
different frequency channels to the GCC via both the ATS-1 and ATS-3 satellites, and processed
at the GCC to determine the path lengths from the remote terminals to the satellites A more
detailed description of the position determination techniques utilized, 1n particular the concept
of differential ranging, 1s presented in the following subsection

B  Position Determination Techmques
The position of the remote or awcraft transponder 1s defined by the intersection of three

spheres of position, each of which includes the amrcraft termmal’s position One sphere 1s
concentric with the earth’s surface and has a radius defined by the known altitude of the amrcraft
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transponder plus the earth’s radius A second sphere 1s centered at the ATS-1 satellite position
and has a radms equal to the measured range from the transponder to the satellite (RAI)
Similarly, a third sphere_of_position 1s defined by the measured range from the transponder to
the ATS-3 satellife (RA ) The distance from each satellite to the aircraft terminal can be
determined by measuring the phase differences between the tones transmitted by the GCC and
the tones recewved from the awcraft terminal viz both the ATS-1 and ATS-3 sateliites The
mathematics and coordmate system imvolved in transforming the phase measurements to distance
measurements, and the subsequent calculation of position, 1s presented in detail in Appendix B

In deterrmning the phase differences, and making the subsequent position location
calculations, there are basic sources of emror with which to contend These sources are
ionospheric effects, drifts in satelhte position, bulk equipment delays, and dmfts m the bulk
equipment delays These error sources can be reduced to a second-order effect by establishing
some form of a differential techmique utihzing a reference transponder However, the use of a
reference transponder 1s comphcated by the receive system m the GCC bemng a frequency
division multiplex rather than a time division multiplex system The awrcraft and reference
transponders have to be assigned to two different fransmit frequency channels and subsequently
recetved by two different receive channels i the GCC whose bulk delay differs This problem
can be resolved by utiizing a “‘calibration run” where all recewve channels in the GCC are
assigned to the reference transponder

To determine the effectiveness of reducing the above-mentioned error sources, three differ-
ent algorithms were utihzed in makmng the posifion location calculations These three methods
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are
Position location usmg absolute ranging
Differential position location using absolute ranging
Position location using differential ranging

Each of these methods will be discussed 1n detail in the paragraphs that follow
1  Absolute Ranging/Absolute Position Determination
Figure 3-2 depicts the receiver assignments utiized for all three of the above-listed
methods, the phase measurements, ¢,, from each of the four receiwvers contamn the following
ranging mformation
¢y > 2RSa + 2RA3 + e
¢y 4Rsa + &

sy 2Rsa + 2R51 + ey

The nomenclature utidlized here 15 consistent with that depicted 1n Figure 3-1 In a true absolute
rangingfabsolute position location determination scheme, the phase error terms €; and €5 would
be ignored, and the ranges R, | and R, would be determimed by

_ K¢, — 2R,

Ry, 2

R,, =K¢s —R, —R, —R,

where K 15 a phase delay-to-distance conversion constant However, it was found that the bulk
delays, especially mn the GCC recewvers, were too great to allow any reasonable results to be
obtammed Hence, a calibration run was utiized to reduce the bulk delays to a sscond-oxder
effect To axd m describing the usefulness of a calibration run, the error terms e, will be
examined more closely

Each error term €, 18 composed of a common mode error and a receiver error, or moze
definitively

€, = 2¢ + ep
€3 =ecn,,3+ecmi + ep

~ “cm,
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Figure 3-2 GCC Recewer Assignments
where
€cmg = common mode error 1 path from GCC to ATS-3 satellite to
transponder, or vice versa
€m, = common mode error 1 path from transponder to ATS-1
satellite to GCC
€g_ = error associated with particular A/R tone and Omega
n

receiver chain at GCC

It 1s assumed 1n the above defimtions of the error terms that the aircraft transponder and
reference transponder were located close enough to one another that the errors dernived in goimng
to or from a given satellite to erther the reference or awrcraft transponder were identical
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In the calibration run all four GCC receivers are assigned to the reference transponder
The resulting phase measurements (qbnc) contain the following ranging information

$1c
2
b3
Pa

= AR, tde,

- 4R

o, T4€

- 2R

Sa

-+ 2R

S

cn,
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Subtracting the cahbration measurements from the phase measurements would reduce all fixed,
tune-nvariant, phase error terms to a second-order effect The subtraction of calibration data
from the phase data, and the subsequent determination of position 15 defined in this report as
the absolute ranging/absolute posttion determination method, although 1t 1s a method in which
time-1nvariant error sources are reduced to a second-order effect

2 Absolute Ranging/Differential Position Determmation

This method attempts to reduce to a second-order effect the time-vanant errors caused
by equipment delay drifts and dnfts in the satellite positions In this method, GCC recevers 2
and 4 are utihzed to calculate, by the absolute ranging/absolute position determmation method,
the location of the reference transponder Since the position of the transponder 1s known a
priori, A latitude and A longitude errors can be determined and applied to the awrcraft latifude
and longrtude readings This method assumes that the tmme-variant errors in the phase
measurements can be lmearly reduced to a second-order effect by subtracting position
measurements resulfing from the phase measurements

3  Dafferential Ranging/Absolute Position Determination

This method also attempts to reduce to a second-order effect the time-variant errors
In this method, however, the time-variant phase errors are reduced to a second-order effect at
the phase measurement level, rather than the position determination level In this method, the
ranges R, ' and Ry , are determined by the followmg equations

(¢2 - qbcz) - (¢1 - qbcl)

RA: RS: 2

@2 — 66,) — (b1 — 5.)
2

7P‘A, = :RS1 +(¢3 —¢c3)+

The advantage of this method over the absoluie ranging/differential position determination
method 1s that the time-vanant phase errors are hinearly reduced to a second-order effect before
being applied to the quadratic postiion determination equations

As previously mentioned, the mathematics and coordinate system involved i trans-
forrmng the phase measurements to distance measurements, and the subsequent calculation of
position, 1s presented in detail m Appendix B However, Appendix B only describes the on-line
posttion determination software utilized m the GCC data processor, and thus does not cover the
differential rangingfabsolute position determination method The data for this method was
obtamed off-line 1n a separate computer program utilizing the raw phase data stored on magnetic
tape by the on-line GCC software
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SECTION IV
HARDWARE DESCRIPTION

A Ground Conirol Center Descripfion

The Ground Control Center (GCC) utihized in the VHF Satelhite Navigation Expermment
consists of the OPLE Control Center modified to meet the requurements of the VHF Nawvigation
Experiment The modifications were made in such a way that the equipment can be reacily
converted to either an OPLE Experiment configuration or a VHF Range/Range configuration
This section will briefly describe the function of the GCC in the VHF Range/Range Experiment
Descaption of the component parts of the GCC, the modifications made to the equipment, and
the software developed for the VHF Range/Range Expermment are provided m Appendix A

The GCC, as shown in the simphfied block diagram m Figure 4-1, generates the ranging
tones (in the self-check subsystem) and transmits them to the ATS-3 satellite The returned
rangmg {fones are recerved from the ATS-1 and ATS-3 satellites, coherenily demodulated, and
processed m the data processor

The rangmg tones and the Acquisiiion/Reference (A/R) tone output of the self-check
subsystem are up-converted to approximately 10 78 MHz and summed with the output of the
Pilot Tone Transmut synthesizer The resulting outpuf of the summing amplhfier 1s then
up-converted to approxmmately 149 2 MHz, amphfied, passed through the ATS-3 VHF diplexer,
and transmitted to the ATS-3 satelhite The received signal from the ATS-3 satellite 1s passed
through the ATS-3 diplexer to the preamplifier and down-converted to 5 MHz in the ATS-3
NEMS-CLARKE VHF receiver The pilot tone phase-lock loop acguires phase lock to the
recerved pilot tone which 1s included in the 5-MHz IF output of the VHF recerver Then, via the
pilot tone phase-lock loop feedback mnput to the VHF recewver, the frequency piter introduced
by the ATS-3 sateliite on the return hnk from the transponders 1s tracked out The 5-MHz
output of the ATS-3 VHF receiver 18 also apphied to the A/R tone phase-lock loops No 1 and
No 2, which provide the capabihity for receiving two separate ranging tone channels from the
ATS-3 satellite One channel 1s assigned to the awrcraft transponder, and the other channel 1s
assigned to the reference transponder or 2 second aircraft transponder

A pilot tone phase-lock loop 1s not required on the ATS-1 NEMS-CLARKE VHF receiver
The transponders remove the frequency jitter mtroduced by the ATS-3 satellite on the hink to
the termunal, and frequency ntter 1s not miroduced by the ATS-1 satellite on the return hnk to
the GCC The 5-MHz output of the ATS-1 VHF recewer 1s applied to the A/R tone phase-lock
loops No 3 and No 4 Agam, one channel 1s assigned to the amcraft transponder and the other
channel is assigned to the reference transponder or a second aircraft transponder

B  Transponder Description

The transponder developed for the VHF Navigation Experiment functions as a transponder
for the rangimg signals as received from ATS-3 Two of the transponders were construcied, one
for use as a reference terrmnal at the GCC, and one for use as an arrcraft terminal 1n the aircraft
bemng tracked during the experiment Both of these transponders were idenhical (except for
transmit frequency) and were packaged 1n a standard 1/2 long Austin Trumbell Radio (ATR)
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Figure 4-1 Ground Control Center, Simplified Block Diagram

case as shown i Figure 42 The following paragraphs provide a brief description of the
transponder, a more detailed description 1s provided i Appendix C

The transponder, as shown 1 Figure 4-3, consists of a dual conversion receiver (containing a
pilot tone phase-lock loop), a transmiiter and a diplexer The incoming signal, as recewved from
ATS-3, includes a pilot tone and a set of ranging tones (one Acquisition/Reference tone and-one
sidetone spaced 941 Hz away from the A/R tone)

The receiver converts the mncomuing signal (at 135 6 MHz) to a fust IF frequency of 70 MHz
At that pomt the signal i1s converted to second IF frequencies of 10 7 MHz and 10 665 MHz
which are the IF frequencies of the pilot zone and ranging signals, respectively The pilot tone
phase-lock loop locks the mcoming pilot tone to an mternal reference oscillator (at 10 7 MHz)
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Although the main function of this phase-lock loop 15 to remove low frequency phase jitter
(mparted by ATS-3) from the ranging signal, 1t also centers the ranging signals in the
10 665-MHz IF filter

The ranging signal spectrum, after bemng filtered and amphfied at 10 665 MHz, 1s
up-converted to 149 2 MHz and amplfied for transmission to a 4-watt level The 149 2-MHz
signal then passes through the diplexer (which isolates the transmitter and recewver) before being
sent to the antenna

During the experiment, it was determined that the transponder output power needed
further amphfication to a 30-watt level As an expedient, Texas Instruments prowvided 2
commexrctal vacuum tube hnear amplifier (Gonset Model 903A) for each of the iwo transponders
The Gonset linear amplifier was driven by the solid-state power amplifier 11 the transponder, the
Gonset’s cutput was connected to the transmut part of the diplexer m place of the normal
(internal) sohid-state power amplifier’s output

Table 4-1 describes the operating charactenstics of the transponder

C  Real-Tume Position Display Equipment

The real-time positon display equpment was developed by Texas Instruments on internal
funds for on-hne system checkout purposes This equipment proved invaluable i system
debugging in that an on-line display of the position computation was available for immedate
analyzation, rather than having o take the system off-line to verify the data A block diagram of
the real-time postiton display equipment s shown in Figure 4-4

The equipment is basically divided into two sections or subsystems, one subsystem being
located at the radar facihty and the other subsystem at the Ground Control Center The
subsystem at the radar facihity counts azimuth and range pulses until a target with a
predetermimed window on the planned position indicator (PPI) has been recognuzed At this tume
the azimuth and range counts are transmitted via telephone lines to the subsystem at the Ground
Control Center At the Ground Control Center the recetved data is input into the DMI Data-620
computer via the conirol electromcs subsystem The position location data, both radar and VHF
Range/Range determuned, 1s output from the 620 computer via the control electronics subsystem
to a bank of registers and digital-to-analog converters The analog signals are muitiplexed and
then presented on a Hewlett-Packard 1300A X-Y display umit Each of the two subsystems
comprising the real-time posttion display equipment are discussed in detal i the following
subsections

1 Radar Subsystem

The subsystem at the radar site mterfaces with a Texas Instruments type ASR-7
Airport Surveillance Radar Definitions of the signals from the ASR-7 radar utihzed by the radar
system are

ACP—Azmmuth change pulse, 4096 of these pulses occur m 360 degrees

ARP—Azimuth reference pulse, pulse that occurs when the radar antenna is
pomting true north
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TABLE 4-1 TRANSPONDER CHARACTERISTICS

A Operating Freguencies

1 Receive (rangmg tones) 135 60125 MHz +]1 0 kHz
2z Recerve (pilot tone) 135 56625 MHz 1 0 kHz

3 Transtnit (ref terminal) 149 20843 MHz %1 5 kHz
4 Transmit (areraft) 149 23123 MHz £1 5 kHz

B Transmitter v
1 Power Output 4 0 watts mummum
2 Normuinal antenna impedance 50 +jo ohms
3 Maximum permissible VSWR 1 8
4 Spurious outputs (harmomeally related) —30 dB
5 Spurnious outputs (nonharmonically related) —70 dB (this does not include
P A lineanty)
C Recever
1 Noise figure (overall, including diplexer) 6 dB
2 Cross modulation 1% maximum cross modulation for =30 dB mterfering

signal wath 30% modulaton
3 Spurnous response rejection rejects all signals below —70 dBm
4 IF bandwidth 6 kHz
5 I¥ shape factor 3 0
D Phase-Lock Loop

1 Puil in range 12 0 kHz
2 Hold 1 tange +4 0 kHz
3 Lock up time 16 seconds maxumum
4 Loop noise bandwidth 200 IHz
B Power Requirements

1 +12V +1% at 0 3 amperes
2 —12V +1% at 0 3 amperes
3 +13V £1% at 1 7 amperes

Power Supplies—Labozatory supples operated from 110V 60 Hz AC

G Other Speaifications

1 AGC dynanuc range 60 dB maximum
 — 2 AGC time constant 0 01 second
3 Platform phase error contnbution =10 degrees maximum
4 Lineranty Intermodulation Distortion Prodncts Suppresston >20 dB
H Mechanical Descniption

1 Size ¥ ATR, 19%nches long, 5 inches wide, 7% inches high
2 Weight 16 pounds

G Shaft—Range pulses, 1200 pulses occur for every 60 nautical miles

Display Tngger—Pulse that marks the finng of the radar transmitter (O-nautical
mile range)

Threshold Pulse—Pulse that indicates the returned radar signal has exceeded a
predetermmned level, thereby indicating a target has been found

The subsystem consisis of an azimuth counter, a range counter, a 24-bit holding register, a bit
rate clock curcuit whach generates only 24-bat clocks, and a window or aperture circuit

The window or aperture circuit serves to allow the recognihion of fargets only within
the window 1tself The APR pulse and the display trigger pulse are first delayed thorough delay
lines which can accommodate varying amounts of delay The ouiputs of the delay lines service
one-shot multivibrators whose outputs can be varied in pulse duration The outputs of the two
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one-shots are then ANDed together to generate a pulse which serves as a window within whach a
target can be recogmized Should a threshold pulse occur when the window pulse 1s present, a
flip-flop 1s set (HOLD) to indicate the desired target has been located

Also, on the occwrrence of ARP pulse and the display trigger pulse, the azimuth
counter and range counter are respectively cleared These counters then begin counting azimuth
and range pulses until the signal HOLD becomes true At this time, the counts m the azimuth
and range counters are mput mto the 24-bit holding regmister At the same time, the 24-count bit
rate clock curcuit 15 enabled The 24-bit clocks serve fo serially sit the data into the 24-bit
holding register m the subsystem located at the Ground Control Center After the occurrence of
the 24th bit clock, the bit clock circwt is disabled and a data available pulse 1s sent to the
subsystem located at the Ground Control Center to serve as a computer interrupt

2 Ground Control Center Subsysiem

The subsystem at the GCC provides an mierface for both mputting the raw radar data
mto the GCC processor and outputting both the radar and VHF Range/Range posttion location
data to the Hewilett-Packard 1300A X-Y display The circutry for mputting the raw radar data
mto the GCC sunply consists of a 24-bit holding register The circwnfry for outputting the radar
and VHF Range/Range position location data to the display unit consists of address decoding
and holding registers, six 8-bit digital-to-analog converters, modulation circuitry for modulating
the analog-converted radar data, a three-channel analog multiplexer, and a Hewlett-Packard
1300A X-Y display

Each position-located calculation that is output from the OPLE Control Center (OCC)
processor must be prefaced with an address to indicate whether the data was computed from the
raw radar data, raw phase data from the awrborne transponder, or raw phase data from the
reference transponder The three holding registers are each equipped with address decoding logic
to allow steermg of the data on the common processor bus into the appropriate register Each
holding register consists of-two 8-bit sections, one section containing the latitude or Y-data and
the other section contaimng the longitude or X-data Each 8-bit section 1s assigned to an 8-bit
digital-to-analog converter to convert the digital data to an analog format for presentation to the
display unit wia the multiplexer The modulation circuitry consists of a sme-wave generator
whose output and complement are summed with the radar’s longitude and latitude, respectively
The resultant modulated latitude and longitude signals will produce a cireular position location
display rather than a dot The outputs of the D/A converters are multiplexed in a three-channel,
two-pole multiplexer whose channel selection 1s governed by a three-count counter driven from
the same generator that provided the modulating sine wave The output of the multiplexer 1s
presented to the Hewlett-Packard 1300A X-Y display A transparent area map overlay was made,
with the OCC at the center pomt of the overlay, to correlate the display with actual geographic
location
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SECTION V
DESCRIPTION OF THE EXPERIMENT

The VHF Range/Range Expertment was conducted by Texas Instruments in two separate
phases FBach phase, and the subsequent expermments within each phase, mvolves different
configurations of the Ground Control Center and the transponders The advantage of this
approach was that system parameters, such as satellite-to-ground VHF hnk measurements, could
be measured without having the system mn its final configuration

The first phase was essentially a system checkout phase The parameters determined n this
phase were the VHF helical antenna patterns and the antenna pattern of the Dorne and Margolin
Satcom Antenna DMC33-2, the satelhie-to-ground and satelhite-to-awcraft VHF luiks, and the
transfer charactenstics of both the ATS-1 and ATS-3 safeilites The second phase was a system
performance phase which consisted of ;he on-hne position computation and display of resulimg
position and an off-ine analysis of the resulting data Each phase of the experiment 1s discussed
m detail as follows

A Subsystem Checkout Phase
1 Dorne-Margolin Awmcraft Antenna Pattern

The purpose of this experiment was to determie the characteristics of the
Dorne-Margoln Satcom Antenna DMC33-2 as mounted on the Texas Instruments DC-3 aircraft
The configuration of the equipment used to determine the characteristics of the aircraft antenna
18 shown m Figure 5-1

The sequence of the experiment was as follows

ATS-3 satellite was saturated to serve as a beacon by a single tone transmitted
from the Mojave Ground Station

Signal-to-noise measurements were made at awrcraft fransponder for various
awrcraft headings and omentations The signal-to-noise measurements were
made by measuring the phase detector oufput noise and companng this
measurement aganst predefermined signal-to-noise calibrafion data An
oscitlograph was also used fo enable postanalyzation of the data

Signal-fo-noise measurements were made concurrently at reference transponder, 1n
the same manner as described above, to normalize the amcraft signal-to-noise
measurements

2  VHF Helical Antenna Pattern

The purpose of this experiment was to determine the characteristics of both the ATS-1
and ATS-3 helical antennas The configuration of the equipment used to determine the
characteristics of the VHF helical antennas 1s shown in Figure 52 The sequence of the
experiment was as follows

ATS-3 satellite was saturated to serve as a beacon by a single tone transmitted
from the Mojave Ground Station
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ATS-1 or ATS-3 VHF hehcal antenna onentations

oscillograph was also used fo enable postanalyzation of the data
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Signal-to-noise measuremenis were made at Ground Control Center for various
The ATS-3 receive
subsystem was alfernately connected to the ATS-1 and ATS-3 VHF antennas
The signal-to-noise measurements were made by measuring the phase detector
cutput noise of the pilot tone phaselock loop and comparing the
measurement agamst predetermmmed signalto-noise calibration data An
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Figure 52 VHF Antenna Pattern Measurement Configuration

3 VHF Link Measurements

The purpose of this experiment was to determine the satellite-to-awrcraft VHF link
losses The configuration of the equipment used to determine the link losses is shown in
Figure 5-3 The sequence of the experiment was as follows

ATS-3 was saturated by transmutiing the piot tone at approximately 2000-W ERP
from the ATS-1 antenna This amount of power was obtamned by amphfying
the transmitter driver ouiput by a Boonton power amphfier and then
amplifying the resultant by a Gonset 2-meter, 200-W power amplifier located
on the roof of the North Building next to the ATS-1 antenna
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The return signal-tonoise was measured at both the awcraft and reference trans-
ponder and the Ground Control Center using the same procedure described
in the preceding subsections Knowng the received signal strength from the
signal-to-noise measurements, and assuming a +46-dBm signal from the ATS-3
satellite, the hok losses can be determined Tlus test was repeated for the
ATS-1 satellite, again assumung a +46-dBm signal from the ATS-1 satellite

4  Satellite Power Transfer Measurements

The purpose of this experiment was to determine the power transfer charactenstics of
the ATS-1 and ATS-3 satelites The configuration of the equipment used to determine the
power transfer characteristics of ATS-3 1s shown mn Figure 54 The sequence of the experiment
was as follows

A controlled and variable amount of pilot tone signal was transmitted first fo the
ATS-1 and then to the ATS-3 satellite The return signal-to-noise from the
ATS-1 or ATS-3 satellite was measured at the Ground Control Center via the
pilot tone phase-lock loop as described in Subsections VA 1 and VA2

A plot was constructed of transmutted power versus recewved signai-to-noise at the
Ground Control Center Having previously measured the ATS-1 and ATS-3
VHF link losses, the transmitted power can be converted to satellite received
power and the recewved signal-to-noise at the Ground Conirol Center can be
converted to transmitted satellite signal power

B  System Performance
1 On-Lme Position Location and Display

The system configuration ufihized m conducting the on-line position location
experiment 15 depicted in Figure 5-5 The major components consist of the modified Ground
Control Center, reference transponder, awrcraft transponder and the ATS-1 and ATS-3 satellites
Texas Instruments-funded equipments consisted of the ASR-7 radar umii, radar interface
equipment, real-fime position display equipment, use of Texas Instruments DC-3 aircraft with a
Dorne and Margolin DMC33-2 VHF awrcraft antenna, and a NARCO radio telephone to provide
voice commumnications with the arrcraft

The Ground Control Center, reference transponder, and arcraft transponder, m
comunction with the ATS-1 and ATS-3 satellites and the Texas Instruments DC-3 aircraft,
provided the VHF Range/Range position-location data The ASR-7 radar unit provaded “truth”
measurements of the awrcrafi position m terms of slant range and bearing The real-tune position
display equipment provided a means of displaying on-ine the position of the awcraft as
determined by both the ASR-7 radar and the VHF Range/Range equpment Finally, the
NARCO radio equipment provided voice commumcations with the awrcraff to enable effective
coordination and verification of the flight plan 1 uwse In addition 1o displaying the position
data, the raw phase data as well as the radar and VHF Range/Range position data was stored on
magnetic tape for subsequent off-line processing
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2  Off-Lime Analysis

The first step in the off-ne data analysis program was to recompute the awcraft
position from the raw VHF Range/Range phase data by three dufferent position determination
techmques ’ :

Absolute Ranging and Position Determination

Dafferential Ranging and Position Determination

Absolute Ranging and Differential Position Determmation
Each of these three techniques 1s discussed in more detail
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Subsection III B presented a somewhat detailed discussion of the second technique
hsted above The puspose behind tone rangmg is to determine the range from the ATS-1 and
ATS-3 satellites to the awrcraft transponder It was also concluded in Subsection IIl B that by
simultaneously ranging to a reference transponder at a known location, the common mode eiror
sources (some of which vary with tume) can be canceled to a first-order approximation However,
the cahbration run, which was used to cancel the error sources associated with using different
receive channels at the Ground Control Center, can also be used to cancel to a first-order
approximation those common mode error sources which are constant over a short-ferm time
period such as 30 munutes The equations for the absolute ranging technique, using the same
phase-lock loop recerver assignments as presented in Figure 3-2 are as follows

b1 — 1,
Ri=—3— *&,

1 — @1,

Ry =¢3 — ¢35, ————— + R

2 (5-1)

Having determined R; and R, by the absolute ranging techmque, the position of the awrcraft
transponder can be calculated

Note in Equation (5-1) that the phase-lock loop receivers 2 and 4, which are assigned
to the reference transponder via the ATS-3 and ATS-1 satellites, respectively, are not utithzed By
using the phase information m receivers 2 and 4 in the same manner as the phase information in
recetvers 1 and 3 were used in Equation (5-1), a determination of the range error caused by
time-varymg common mode error sources can be made Furthermore, this range error can be
converted to X- and Y-coordmate position error and subtracted from the position determined
from tne absolute ranging and position determination techmque This techmique 1s referred to as
the absolute rangmg and differentzal position determination technigue

Having determined the posifion of the awcraft iransponder by each of the three
techmques discussed above, it 15 now necessary to determme the error associated with each of
the three techmiques In conducting the on-lime VHF Range/Range expermment, two different
modes of operafion with respect to the aircraft transponder mounted on board the Texas
Instruments DC-3 were used In one case, the DC-3 was stationary on an amrport runway, thereby
enabling static position deterrmination tests to be made In the other case, the DC-3 was arrbome
at approxamately 5000 feet For the static case, the following error analysis was made

Mean offset 1n X-dwection (east-west) from known position
Mean offset in Y-direction (north-south) from known position
RMS offset in X-direction from known position

RMS offset in Y-direction from known position

Vaniance in X-direction

Vanance 1n Y-dwection

For the awrborne case, the following error analysis was made

5-8



Mean offset in X-direction from radar-determined position
Mean offset 1n Y-dwrection from radar-determined posttion
RMS offset 1n X-dwection from radar-determuned position
RMS offset in Y-direction from radar-determined position
Variance 1n X-dwection

Vanance m Y-dwrection

5-9/5-10



SECTION V1
ANALYSIS OF EXPERIMENTAL RESULTS

The major objective of the expermment was to evaluate the performance of the alternate
posttion location techmiques and to compare the accuracy of the differential ranging techmque
with 1ts predicted performance To establish reasonable estimates for the predicted position
location error, extensive measurements were also made of the RF hnk performance This data is
also summarized in this report

A Position Location

Dunng the course of this contract, a number of real-time comparative fhight demonstrations
and expermments were performed using the satellite system and a Texas Instruments amrport
surveillance radar as a source of ground truth data Awrcraft flights were made within a range of
approxumately 70 mules of Dallas, Texas The details of the expermmental mmplementation are
gven 1 Section V In this section the performance obtamed dunng four expenments is analyzed
and discussed Two experiments were actual flight tests and two were static tests performed with

.the awcraft on the ground The data presented represents a large number of data prints taken
dunng each expermment

1  Comparison of Position Location Techniques

Table 6-1 shows a comparison of the rms latitude and loagitude errors for the three
methods of position location descrbed mn Section IIT Both of the differential ranging techmques
are supertor to the absolute ranging technique Thus 1s particularly well iliustrated i Flight Data
File 2 where the latitude error 1s approximately 10 tumes greater mm the absolute mode than
the differential modes

TABLE 6 1 POSITION LOCATION ERRORS

Absolute Ranging Differentral Position Differential Ranging

Experiment No Latitude Longitude Latitude Longitude Lafitude Longitude
Description Samples Errot (nmi})  Error (nmi) Error (nm1)  Erzor (sumi) Error (nmi}  Error (nmi)
Flight Data

File 2 177 1829 264 170 305 163 322

File 12 91 534 611 438 215 414 221
Static Data

File 5 116 434 246 451 123 427 138

File 6 140 365 507 292 185 257 203



The position locatton results derived 1n the flight experments are also depicted in
Figures 6-1 and 6-2 which show the flight paths of the awcraft, as determmed by the satellite
system and tadar, for the trials recorded on Flight Files 2 and 12 A number of factors should be
noted 1n these results
e Very large position errors that ocour for short durations (such as in File 2)
represent drop-out of the phase-locked loops caused by interference due to VHF
awrcraft voice communications

e Discontinuities in the radar coverage are due to the maximum and minunum range
hmitaiions of the radar

® Noticeable bias errors exist between the radar and satellite determined posiiions

The bias errors are discussed i Appendix D and are considered in more detail in the next
subsection where the measured and expected eirors are compared

2  Companson of Measured and Expected Errors

The expenmental results obtained for position location using the differential ranging
techmque were analyzed, as described 1 Appendix B, to determine the rms error, the bias error,
and deviation from the mean These results are shown in Table 6-2 for the static and flight tests
Also mcluded are the predicted deviation errors which were derived in Appendix D from an
analysis of the various error sources and the Geometric Dilution of Precision (GDOP) effect

TABLE 6 2 COMPARISON OF EXPERIMENTAEL AND PREDICTED
POSITION LOCATION ERRORS FOR DIFFERENTIAL RANGING

Expetimental Resulis Predicted Resulis
Latitude Error {nmi) Longitude Error (nm1) Latitude Longiiude
Errox Error
Description ms Mean Deviation ms Mezn Deviation {nm1) (ami)
Flight Data
File 2 163 022—— 161 322 297 123 275 175
File 12 414 -3 49 244 221 153 159 275 175
Static Data
File 5 427 413 109 138 108 086 150 093
File 6 257 206 153 203 183 088 150 093

Agreement between the predicted and measured deviation errors for the static tests 1s
very good The longitude errors for File 5 and File 6 are 0 86 nm: and O 88 nm, respectively,
and the predicted error 15 093 nm1 The latitude errors for File 5 and 6 are 109 nm and
1 53 nmz, respechively, as compared with a predicted error of 1 50 nnu It should be noted that
the mean square deviation in latitude for Files 5 and 6 1s 1 33 nmm whuch 1s also very close to the
predicted result

A comparison of the predicted and measured deviation errors for the flight tests shows
that the actual errors are consistently less than the predicted errors The predicted latitude error
18 275 nm, but the measured results for Files 2 and 12 are 1 61 and 2 44 nmu, respectively The
predicted longriude error 1s 1 75 nmi while the measured results were 123 and 1 59 nmu for
Files 2 and 12, respectively As a result of the good agreement obtamed in the static tests, the
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lack of agreement obtamned m the fhight tests 1s most hikely due to maccurate estimation of the
two additional error sources which are the 1onospheric effect and the multipath effect

As a result of the differential ranging measurements made between the aircraft and the
reference terminal, and the relative proximity of the awrcraft and reference terminals during this
expermment, 1t may be mferred that the error coniribution of 1 8 km caused by the i1onosphere
(Table D-6 of Appendix D) 15 excessive If this error source 15 essentially ehminated, then the
predicted latitude and longitude errors become 2 4 and 1 5 nmi, respectively These results are
better agreement with the experimental data, although stil larger It appears, therefore, that the
multipath contrbution assigned 1n Appendix D may also be too large

It should be noted that the bias errors m the experimental data in Table 6-2 show no
particular frend Bias errors can be caused by a number of effects which mclude mnstrumentation
bias error and ground truth error The bias errors iniroduced by the GCC are due to errors
phase measurement caused by the phase detector and by phase shifts associated with the use of a
frequency dmvision multiplexed system for the detection and measurement of the various ranging
signals

B RF Link Measurements
1 Link Losses

The procedure used to measure the down-link losses 1s described 1 Subsection V A 3
The expermmentally determined up-hnk losses were derved from the measured down-link losses
by taking into consideration the theoretical difference in free-space losses, and cable and diplexer
losses Over a 2-month period, several measurements were made for each of the link losses and
the values tabulated i Table 6-3 are an average of these measurements The predicted values are
derwved in Appendix E

The stabibzation spin imparted to both satelhifes i conmjunction with the individual
phasing of the signals fed to each satellite antenna tesults m a constant sinusordal variation 1n the
signal strength The frequency of this spin modulation 15 approximately 13 Hz and the
peak-to-peak excursions for the ATS-1 and ATS-3 satelhites are 2 and 6 dB, respectively The
effect of spm modulation on the measured losses was included by consmdering the median
recerved signal level

TABLE 6 3 LINK LOSSES

Link Predicted (dB) Measured (dB)
Nominal Worst Case
GCC+o ATS 3 —157 -1612 ~159
Aurcraftto ATS 3 -171 3 -1785 -170
Aarcraft to ATS 1 -1713 -178 5 —-170
Reference to ATS-3 —-1723 ~176 5 -169
Reference-to-ATS-1 -~172 3 -176 5 -174
ATS-3 i0-GCC ~155 7 -1597 —158
ATS-3 to Aarcraft —1712 -178 2 —170
ATS-3 to Reference =170 7 -174 7 —168
ATS 1-to GCC ~154 2 -1582 —160

6-5



As shown i Table 6-3, with the exception of the ATS-1-to-GCC loss, the measured
and predicted nomunal lhink losses agree to within approximately 3 dB The discrepancy m the
predicted and measured ATS-1 lmk loss 15 most likely caused by the relatively low elevation
angle (21 degrees) of the satellite at the tume the measurements were made

As was anticipated, the signal levels at the aircraft showed considerable multipath
related vamations These signal fluctuations were on the order of 4 dB This should be considered
only as a nomunal multipath effect because larger vanations can be encountered if the awcraft 1s
flying toward or away from the satelite The effects are especially pronounced during the time
that the amrcraft 1s ascending or descending

2 Satellite Characteristics

Power transfer curves for ATS-1 and ATS-3 VHF repeaters were expermmentally
determuned as described 1n Subsection V A 4 by varymg the power of the pilot tone transmitted
to the satellite under test and measuring the received signal level at the GCC Theoretical transfer
curves were generated and compared with the experimental data to verify the hnk losses and
power sharing at the satellites

For each measured transmiited signal level, a scattered group of received signal levels
was recorded These data pownts were ploited and a curve was drawn connecting the maximum
recerved signal-level points while another was drawn connecting the mmmmum signal-level ponts
A third curve was drawn between the maximum and mummum curves so that approximately half
of the data points were above this average measured signal curve

The resulting power transfer curves for ATS-1 and ATS-3 are shown 1n Figures 6-3 and
6-4, respectively Comparison of the ftwo experimental satellite power transfer curves shows that
ATS-3 was approaching saturation with the GCC transmtting 50 dBm of piot tone power while
ATS-1 was still several decibels below saturation This difference reflects the higher hnk loss
between the GCC (ATS-3 antenna) and ATS-1 The satellite transfer characteristics are essentially
linear for transmutted levels less than 42 dBm because the predominate satellite mput power 1s
the relatively constant noise power For GCC transmtted levels greater than 42 dBm, the
recewved pHot tone signal at the satellite 15 a sigmificant component of the total mput power and
the slope of the transfer curve begins to decrease

The predicted power transfer cuives were derived by using the basic power sharing
equation derived in Appendix E 1n comjunction with the measured satellite-to-ground hink losses
In this particular apphcation, the recewed pilot tone power (Py) at the GCC 1s given by

Pp =Ppp —Lgg +Pg — Pg — Lgg

where
Ppr = GCC transmitted pilot tone power
Py = satelliie output power

Pg = mput power to the satellite including noise and interference
and excludmng pilot tone

Lgg = appropmnate ground-to-satellite link loss
Lgg = appropnate satelhite-to-ground hink loss

GCC-to-satellite losses were inferred from the measured down link losses by faking into
consideration the difference between the 135 6- and 149 2-MHz theoretical path losses along
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with cable and diplexer losses The hnk losses used in deiermining the theoretical curves are as
follows

ATS-1 (Utihzing GCC ATS-3 Antenna)

ATS-1-GCC 156 5 dB
GCC-ATS-1 162 dB

ATS-3 (Utihizing GCC ATS-3 Antenna)

ATS-3-GCC 1545 dB
GCC-ATS-3 160 dB

The diplexer losses for the down hnks are omutted so that the recewved power 1s referred to the
antenna The total satellite mput power for each tramsmitted power level was derived from the
received pilot tone power and the empirical —113-dBm noise and interference power

Comparison of the experimental and predicted curves shows a 1-dB-maximum deviation
for the ATS-1 data and a 2-dB-maximum dewviation for the ATS-3 data Because the predicted
and experimental transfer curves approach saturation at the same GCC transmitter power level 1t
can be concluded that if the link losses are correct then the assumed —113-dBm satellite noise
power 1s also valid This 15 true because the slope of the transfer curve begins to decrease rapidly
when the recewved signal 18 on the same order of magnitude as the noise power The discrepancy
between the measured and predicted ATS-3 power transfer curve 1s most likely caused by the
one-way lnk loss being approximately 1 dB greater dumng the test than the values used for the
theoretical curve If this 1-dB error existed for both the up and down links, then the net result
would be an experimentally determined curve which i1s down by 2 dB from the predicted curve

3  System Carner-to-Noise Power Density

The detaills of the techmiques employed in this expernment fo determine the
signal-to-noise power denstties at the various receivers are discussed 1n Subsection VA 3 Durmg
each experiment, data from the meters used for this purpose was recorded at specified intervals
while chart recorders provided a contimuous record of received signal strengths

As discussed i Appendix E, the carrier-to-noise power density at any recemver is
partially determined by the hnk losses between each repeater Momformg of the ATS-3
retransmitted pilot fone signal at the GCC and the transponders provided data for verification of
power sharing at ATS-3 The predicted and measured pilot tone C/No values are listed
Tables 6-4 and 6-5 The predicted data 1s derived from Appendix E

Chart recordings at the reference transponder showed that the receved signal was
relatively constant during an experniment period With the excephion of local or satellite
interference, signal variations 1 excess of 3 dB rarely occurred The recerved pilot tone signal at
the GCC also remained relatively free of short term fluctuations The received signhals at the
awrcraft, however, did exhibit frequent short-term fluctuation of a larger magnitude than that
observed at the reference transponder These signal strength vamations were caused by local
mterference and multipath effects During penods of heavy interference, the arwrcraft transponder
would frequenily lose lock Because of fhus problem, the expenments were scheduled for a later
tume at night
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TABLE 64 PILOT TONE CARRIER-TO NOISE POWER DENSITIES

Predicted Measured
Worst Maximum* Average* Maxmumty Average}
Recewer Nomunal Case (dB Hz) (dB Hz) (dB Hz) {dB Hz)
GCC 483 431 472 462 518 51
Aureraft 368 282 34 336 3%4 364
Reference 373 317 41 349 39 378
* Farly evening, moderate iterference
% Late evenmgfearly mormng, low mterference
TABLE 6 5 RANGING TONE CARRIER-TC NOISE POWER DENSITIES
Measured
Predicted Maximum®* Average* Maxmmum§ Average}
Receiver (dB Hz) (dB Hz) (dB Hz) (dB Hz) (dB Hz)
1 287 287 262 29 255
2 27 289 274 32 283
3 30 299 219 302 288
4 283 307 275 306 311

* Early evenmg, moderate imterference
T Late evening/early mommg, low mterference



SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

This experiment, using some equipment previously developed for NASA, plus the con-
tributions made by Texas Instruments, has yielded a self-contained air traffic surveillance system
and has demonstrated

The utiity of synchronous satellites in the master/slave configuration using differential
techniques o remove large common mode errors 1n the ranging measurements

The capabilifies of rarrow-band sidetone ranging yielding position location accuracies
of approximately 2 nmu for a 941-Hz sidetone

The facihty for real-time computation and display of amrcraft position, using
differential or absolute ranging techmques

The following recommendations are made for future satelhite air traffic survedlance systems
employimg sidetons ranging

A more usable frequency should be chosen, that 18, one not subject to the mterference
level encountered at 135 6 MHz

Time division multiplexing would remove some of the delay variation encountered in
the frequency diviston multiplexed system used for this expermment

A Ihigher sidetone frequency should be chosen

if the above improvements are made, the differential ranging position location techmiques can
yield immproved accuracy on the order of 1 nmu Although this experiment was conducted at
VHF, the prmciples demonstrated are equally applicable at the higher frequencies, such as
L-band, more likely to be chosen for use in a satelhite air traffic control system
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APPENDIX A
GROUND CONTROL CENTER DESCRIPTION

I.  GCC Hardware Description

The Ground Control Center (GCC) consists of five functional subsystems and the necessary
power supplies. Each subsystem is packaged in a separate drawer(s) or rack(s) to minimize the
number of interconnecting cables. Figures A-1 through A-4 are photographs of the GCC equip-
ment, including the two VHF antennas, and Figure A-5 is a functional block diagram of the
GCC. Brief descriptions of the five functional subsystems are provided in the following paragraphs.

A. Computer Subsystem

The computer subsystem consists of a Data Machines Incorporated (DMI) Data-620
computer, a Teletype Corporation Model ASR-35 teletypewriter, and an Ampex Corporation
Model TM-7 magnetic tape recorder. In the OPLE Experiment configuration the computer
subsystem controls the Platform Electronics Package (PEP) interrogation data timing and
sequencing, collects and stores the various OPLE Experiment data, formats and reads out the
OPLE Experiment data, and processes the raw phase data from the PEP’s and the Omega
monitor receiver. In the VHF Range/Range Experiment configuration the computer subsystem
controls the sidetone and Acquisition/Reference (A/R) tone transmission, collects and stores the
VHF Range/Range Experiment data, processes the raw phase data, calculates on-line
position-location data and outputs the position location data for a real-time display unit, collects
and processes radar data for outputting to a real-time display unit, and outputs the entire VHF
Range/Range Experiment data, including radar data, onto magnetic tape for further off-line
processing.

B. Control Electronics Subsystem

The control electronics subsystem consists of the control console, the
multiplexer/ADC, the 2.7-MHz rms frequency synthesizer, the 1-MHz frequency standard, and
the logic drawer. In addition to interfacing the computer subsystem with the remainder of the
GCC, the control electronics subsystem performs numerous timing and control functions,
provides special-purpose address decoding and ambiguity-resolving circuitry for digital
transmission, and accumulates radar data for presentation to the computer subsystem.

C. RF Electronics Subsystem

The RF electronics subsystem is composed of an ATS-3 VHF antenna assembly, an
ATS-1 VHF antenna assembly, a VHF transmitter section, an ATS-3 VHF Receiver group
including a pilot-tone phase-lock loop to track out phase jitter introduced by the ATS-3 satellite
transponder, an ATS-1 VHF Receiver group, and four phase-locked synchronous demodulators
(channel selectors). The RF electronics subsystem utilizes interrogation and tone data from the
self-check subsystem and timing and control signals provided by the remainder of the GCC in
generating the VHF signals to be transmitted. The incoming VHF signals are received and
demodulated by the RF electronics subsystem, and the resulting data is applied to other
subsystems in the OCC for processing.




Figure A-1. Ground Control Center Receive Subsystem, Transmit Subsystem, and Real-Time Display
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Figure A-4. Ground Control Center Antenna Configuration
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D. Self-Check Subsystem

In the OPLE Experiment configuration, the self-check subsystem simulates OPLE PEP
data, which consists of an A/R tone and OMEGA-sequenced sidetones, and generates PEP
interrogation data. In the VHF Range/Range Experiment configuration, the self-check subsystem
provides a continuous transmission of A/R tone and sidetones.

E. VLF Receiver Subsystem

The VLF receiver subsystem, manufactured by Tracor Incorporated, processes the data
that is provided by the phase-locked synchronous demodulators and the OMEGA monitor signals
that are received directly from the Omega transmitters. The processed Omega monitor data and
the processed phase data from the phase-locked synchronous demodulators are output to the
control electronics subsystem for digitization. The Omega monitor data is also displayed by
means of an analog chart recorder.

II. OCC Modifications
A. General

The modifications to the OPLE Control Center necessary to provide the functions
required of the GCC in the VHF Satellite Navigation Experiment consisted of relatively simple
wiring changes and equipment additions. These modifications were implemented in such a way as
to render the equipment readily convertible to either an OPLE Experiment configuration or a
VHF Range/Range Experiment configuration. The required modifications to the OPLE Control
Center are as follows:

Addition of an ATS-1 receive subsystem consisting of a VHF helical antenna,
VHF diplexer, preamplifier, and NEMS-CLARKE Receiver

Addition of a coaxial patch panel to enable assigning A/R tone phase-lock loop
receivers No. 3 and No. 4 to either the ATS-1 or ATS-3 receive subsystems

Modification of the self-check subsystem to enable continuous rather than
Omega-sequenced transmission of tones.

Figure A-5 depicts the configuration of the modified OPLE Ground Control Center.
The dotted lines depict the additional equipment required to convert the station to an
OPLE-VHF Range/Range Ground Control Center. Basically, the modification to accommodate
the VHF Range/Range program consisted of assigning two A/R tone phase-lock loop receivers to
an ATS-1 satellite receive subsystem. A list of equipment additions and/or modifications to
achieve the VHF Range/Range configuration is given below. A more detailed description of the
modifications follows the listing.

Addition of an ATS-1 receive subsystem consisting of a VHF helical antenna,
diplexer, preamplifier, and NEMS-CLARKE VHF receiver

Addition of coaxial patch panel to enable assigning A/R tone phase-lock loop
receivers No.3 and No.4 to either the ATS-1 Receive Subsystem or the
ATS-3 receive subsystem




Modification of the self-check subsystem to enable continuous rather than
OMEGA-sequenced transmission of tones. The function of the three sidetone
AMPL and PHASE switches on the front panel of the self-check subsystem
drawer for both the OPLE mode and VHF Range/Range mode is presented
in Table A-1.

TABLE A-1. FUNCTION OF SIDETONE AMPL AND PHASE SWITCHES

Switches
STATION A AMPL and
PHASE switches

STATION B AMPL and
PHASE switches

STATION D AMPL and
PHASE switches

VHF Range/Range

Adjusts amplitude and phase of the
941-Hz (13.6-kHz) sidetone.

Adjusts amplitude and phase of the
426-Hz (10.2-kHz) sidetone.

Adjusts amplitude and phase of the
707-Hz (11.3-kHz) sidetone.

OFPLE

Adjusts amplitude and phase of the
sidetone transmissions associated
with Station A.

Adjusts amplitude and phase of the
sidetone transmissions associated
with Station B.

Adjusts amplitude and phase of the
sidetone transmissions associated
with Station D.

B. ATS-1 Receive Subsystem Modifications

Figure A-6 is a block diagram of the added ATS-1 receive subsystem. The ATS-1
antenna is a Fairchild helical antenna with positioner. Because of the physical proximity of the
ATS-1 antenna to the ATS-3 antenna (approximately 33 feet), it was found necessary to install a
diplexer to protect the ATS-1 VHF receiver preamplifier from being saturated by transmitted
signals from the ATS-3 antenna. The diplexer is a Microlab-FXR model (Texas Instruments
Drawing No. SK594097) which was installed with the original OPLE Ground Control Center. The
antenna and diplexer were furnished GFE for VHF Range/Range program.

The ATS-1 receiver preamplifier contains a front end FET stage for optimum noise
figure. The preamplifier has a gain of approximately 27 dB and a noise figure of 2.5 dB. Because
of the low figure afforded by the FET stage an identical preamplifier was installed in the ATS-3
receive subsystem replacing the vacuum tube version (Rantec Corp. EPV904). Figure A-7 is a
schematic of the FET preamplifier.

The 135.6-MHz signal from the ATS-1 receiver preamplifier is converted down in the
ATS-1 NEMS-CLARKE telemetry receiver (Model 1456A) to S MHz and brought out to a power
splitter. The first mixing signal for the receiver is provided by a X 16 multiplier which receives its
input signal from the ATS-1 VHF receive synthesizer. The second mixing signal for the receiver
is provided by a 25-MHz multiplier which receives its input signal from the 5-MHz output of the
ATS-1 VHF receive synthesizer. The X16 multiplier consists of an external X4 multiplier
(Type TD, Texas Instruments Drawing No. SK592235) and a X4 multiplier which is internal to
the NEMS-CLARKE receiver. The 25-MHz multiplier is a type TE board (Texas Instruments
Drawing No. SK592229). The power splitter, which follows the NEMS-CLARKE receiver, is
similar to the one used in the ATS-3 receive subsystem. A schematic of the ATS-1 power splitter
is shown in Figure A-8.
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Figure A-6. Receive Subsystem Block Diagram

C. Coaxial Patch Panel

The function of the coaxial patch panel is to provide front-panel control in assigning
A/R tone phase-lock loop receivers to either the ATS-1 or ATS-3 receive subsystem. Specifically,
A/R tone phase-lock loop receivers No.3 and No. 4 and the monitor circuitry consisting of a
spectrum analyzer can be assigned to either the ATS-1 or ATS-3 receive subsystem. A functional
schematic of the coaxial patch panel is shown in Figure A-5.

D. Self-Check Subsystem Modifications

The self-check subsystem modifications provide for continuous rather than the
commutated OMEGA sequence transmission of sidetones. An OPLE-VHF R/R switch was
installed on the front panel of the self-check subsystem drawer in place of the NOISE-ON-OFF
switch (S7). As shown in Figure A-9, in the VHF R/R switch position OMEGA intervals 2 and 6
become PMODE and OMEGA intervals 1, 3, 4, and 5 are shorted to ground. Station B’s 426-Hz
tone and Station A’s 941-Hz tone are generated during interval 2 and Station D’s 707-Hz tone is
generated during interval 6. Thus, by switching intervals 2 and 6 to the signal PMODE, and
shorting to ground all other interval counts, the three sidetones can be continuously transmitted.

One output amplifier was also added to boost the final output level of self-check
subsystem drawer. This amplifier was found to be necessary to provide an adequate transmitted
power level of A/R tone and sidetone. A schematic of the amplifier is shown in Figure A-10. The
gain of the output amplifier can be varied from about +12 dB to about +7 dB.
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Figure A-8. Power Splitter, Schematic Diagram
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III. Conversion Procedures

The Omega Position Location Equipment as presently configured can be operated in two
different modes: (1) the original OPLE mode, and (2) the VHF Range/Range mode. It is the
purpose of this section to describe the conversion and set up of the equipment for the VHF
Range/Range mode of operation. A detailed checkout of the equipment in both the OPLE mode
and the VHF Range/Range mode is presented in the Acceptance Test—Part I Individual Test for
Ground Control Center—VHF Satellite Navigation Experiment (Texas Instruments Drawing
No. SK714211). A description of the conversion of the equipment is first presented, followed by
a description of the setup of the various frequency synthesizers, calculation of appropriate
ephemeris data, and software constants required to render the software compatible with any
given geographic location of the Ground Control Center.

A. Conversion

A concise description of the proper switch settings, the required printed circuit board
exchange, and the switching of certain cables is presented in the above-mentioned Texas
Instruments Drawing No. SK714211. However, the switch settings on the self-check subsystem
drawer should be further discussed to distinguish between the settings for a one-tone experiment
utilizing the 941-Hz sidetone and a three-tone experiment. Table A-2 gives the proper switch
settings for the two different tone package configurations.

TABLE A-2. SWITCH SETTINGS FOR TONE PACKAGES

Switch One Tone Three Tones
STATION A PHASE switch 0 degree 0 degree
STATION A AMPL switch Maximum Maximum
STATION B PHASE switch 0 degree 0 degree
STATION B AMPL switch Minimum Maximum
STATION D PHASE switch 0 degree 0 degree
STATION D AMPL switch Minimum Maximum

B. Setup

Having converted the Ground Control Center to the VHF Range/Range configuration,
it is now necessary to select the proper frequencies for the frequency synthesizers, calculate
appropriate ephemeris data, and enter appropriate constants into the on-line software to render
the software compatible with the geographic location of the Ground Control Center. Each of
three above-mentioned tasks is discussed in detail below.

1. Frequency Settings

A block diagram of the frequencies involved is shown in Figure A-11. If the
transmit frequency of the transponders were identical to those of the OPLE PEP’s, and if both
the ATS-1 and ATS-3 satellites had identical frequency translations, then the frequency settings
used for the OPLE configuration would be adequate. However, because of a rather larger
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discrepancy in the frequency translations of the ATS-1 and ATS-3 satellites, coupled with the
presence of a low received signal level at the Ground Control Center, great care must be taken in
selecting the frequency settings for the various frequency synthesizers.

Consider a second order loop containing a pseudo rather than true integrator,
which is the type of loop used in both the transponders and the Ground Control Center. It can
be easily shown that for a given received signal power at the front-end receiver, the hold-in
capability of the loop increases as the frequency of the incoming signal approaches that required
to bring the VCXO in the phase-lock loop to its rest frequency. Thus the major consideration in
calculating the required frequencies will be to ensure that the incoming frequencies into all
phase-lock loops are such to bring the VCXO’s to their rest frequency. This consideration can be
concisely stated as below:

The received pilot tone at the transponder must be 135,566,250 Hz.

The received A/R tone at the transponder must be 35 kHz above the
received pilot tone, or 135,601,250 Hz.

At the Ground Control Center the received pilot tone from ATS-3 and the
received A/R tone from both ATS-1 and ATS-3 must be presented to
the respective phase-lock loops such that the VCXO’s are at their rest
frequencies.

The steps involved in calculating the frequency settings are as follows:

® Knowing the translation frequency of the ATS-3 satellite, calculate the
frequency setting of the pilot tone transmit synthesizer to ensure the pilot
tone as received at the transponder is 135,566,250 Hz.

® C(Calculate the VHF transmit synthesizer frequency setting to ensure that the
transmitted A/R tone is 35 kHz above the transmitted pilot tone.

® Knowing the transmit frequency of the transponder, and the ATS-3
translation frequency, calculate the ATS-3 VHF receive synthesizer frequency
setting to ensure the A/R phase-lock loop VCXO’s are at their rest frequency
(assume in this calculation that the pilot tone phase-lock loop VCXO is at its
rest frequency).

® The received pilot tone at the Ground Control Center is identical in
frequency to that received at the transponder. Thus knowing the received
pilot tone frequency and the ATS-3 VHF receive synthesizer frequency
setting, calculate the pilot tone receive synthesizer frequency setting to
ensure the pilot tone phase-lock loop VCXO is at its rest frequency.

® Knowing the transmit frequency of the transponder and the ATS-1
translation frequency, calculate the ATS-1 VHF receive synthesizer frequency
setting to ensure the A/R phase-lock loop VCXO’s are at their rest
frequency.

The equations involved in solving the required frequency settings, along with a listing of the
nomenclature used, is given in the following. :
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2

R ATS-3 satellite translation frequency
f,, = ATS-1 satellite translation frequency
foPT = pilot tone transmit synthesizer frequency setting
f T,VHF = VHF transmit synthesizer frequency setting
fr_ars.3 = ATS-3 VHF receive synthesizer frequency setting
X
fr_ats.; = ATS-1 VHF receive synthesizer frequency setting
X
foPT = pilot tone receive synthesizer frequency setting

f

S = transponder transmit frequency

fprvexo = rest frequency of pilot tone phase-lock loop
VCXO = 5,000,000 Hz

fa/rRvexO = rest frequency of A/R phase-lock loop
VCXO (4,001, 456 Hz + channel select frequency)

fr pr = 160,000,000 — (135,566,250 — f, )
(160,000,000 — fr,pr + 35,000) — 498,813
fr var = T

[fians — f5,1 + [fa/rvexo + 455,000 + 5 fpryexol
fr aTs3 = T

fr,pr = 16 fg ars.3 — 135,566,250 — 455,000 — 5 fprycxo

[(firans — fs,l + [fo/rRvexo t 25,455,000]
foATS-I X 16

2. Ephemeris Calculations

The ephemeris data required by the on-line software program is listed below:
Distance from Ground Control Center to both ATS-1 and ATS-3 satellites
Distance from center of earth to both ATS-1 and ATS-3 satellites

Direction cosines of both satellites from center of earth (the coordinate
system utilized in calculating the direction cosines is presented later in
this section)

Distance from center of earth to both reference and aircraft transponder.

The units in which the above-listed items must be entered into the on-line program, and the
accuracy to which they must be calculated are given in Table A-3. The coordinate system utilized
in deriving the above parameters is shown in Figure A-12. Definition of the nomenclature used is
as follows:

6 = longitude of satellite
¢ = latitude of satellite
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R, = Ry + R, = distance from satellite to center of earth
Rypans = distance from transponder to center of earth

D, = cosine [angle between R, and X-axis]

D, = cosine [angle between R, and Y-axis]

D, = cosine [angle between R, and Z-axis]

R, = distance from Ground Control Center to satellite

0
Xt = projection of Ry, onto X-axis

Y = projection of Ry,,s onto Y-axis

Zy = projection of R, onto Z-axis.

It should be at once emphasized that in contrast to the accepted convention, the
coordinate system used to calculate the ephemeris data is a left-handed rather than a
right-handed coordinate system. That is, 50 degrees west in longitude from the Greenwich
meridian is considered a positive angle in the coordinate system used. It is necessary to use the
left-handed coordinate system in calculating the ephemeris data because the on-line software
program utilizes a left-handed coordinate system in the position location algorithm. The
equations for the required inputs are given below:

D; =cos ¢ cos 6
D, =cos ¢ sin 6

o
w
|

= sin ¢
= [(Ry Dy — Xp)? + (Ryy D — Yp)? + (R Es — Zp)? 1%

~
|

TABLE A-3. EPHEMERIS DATA UNITS AND ACCURACY

Units Accuracy
Item (meters) (percent)
Satellite altitude from center of earth 10* 0.0003
Transponder altitude from center of 10¢ 0.0003
earth
Distance from ground control center 10¢ ) 0.0003
to satellite
Satellite direction cosines - 0.001
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Figure A-12. Ephemeris Coordinate System

The mechanism for entering the calculated ephemeris data into the on-line
software program is presented in the acceptance test procedure (Texas Instruments Drawing
No. SK714211). However, the acceptance test procedure does not describe which entry is
applicable to the ATS-3 satellite and which entry is applicable to the ATS-1 satellite. The listing
below presents the order in which the data must be entered in response to the various questions
asked by the software program. All numbers entered via the teletype for the ephemeris data are
decimal numbers.

AC 1 and 2 ALT
1. Enter distance from center of earth to aircraft transponder.

2. Enter distance from center of earth to reference transponder or second
aircraft transponder.
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SAT 1 and 2 ALT

1. Enter distance from center of earth to ATS-3 satellite.
2. Enter distance from center of earth to ATS-1 satellite.
SAT 1 D COS

1. Enter D, for ATS-3 satellite.

2. Enter D, for ATS-3 satellite.

3. Enter D, for ATS-3 satellite.

SAT 2 D COS

1. Enter D, for ATS-1 satellite.

2. Enter D, for ATS-1 satellite.

3. Enter D; for ATS-1 satellite.

SAT 1 and 2 Ranges from OCC

1. Distance from Ground Control Center to ATS-3 satellite.
2. Distance from Ground Control Center to ATS-1 satellite.

3. Geographic-Dependent Software Constants

In the position location algorithm there are certain fixed constants which are
unique to the geographic location of the Ground Control Center. These constants are described
in detail in Appendix B and are listed below.

Latitude of Ground Control Center + offset
Longitude of Ground Control Center + offset

Conversion of differences in longitude to nautical miles for a full-scale
reading of 70 nautical miles

Conversion of differences in longitude to nautical miles for a full-scale
reading of 35 nautical miles.

The development of the equations for calculating the geographic constants are also presented in
Appendix B and are listed below:

Conversion Factoryg mie = 12,543.68 cos (latitudeG;ound Control Center)
Conversion Factorss e = 2 Conversion Factor;g e

Latitude + Offset = Latitude of Ground Control Center in
radians — 0.01016

Longitude + Offset = Longitude of Ground Control Center in
radians + 0.01016/cos (latitudegqc)

Again, it is emphasized that in utilizing the above equations a left-handed
coordinate system is used where angles designating west longitude are positive angles. The
location of these constants in the on-line software program and the accuracy to which they must
be calculated are presented in Table A-4. Each constant is entered into the software program as a
binary floating number, thus the requirement for two memory locations per constant. The
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TABLE A-4. GEOGRAPHIC CONSTANTS, MEMORY LOCATIONS, AND ACCURACY

Constant Memory Locations am“mm“a
Conversion Factoryg mite 10614, 0.0003
and
10615,
Conversion Factorzs mite 10612, 0.0003
and
10613,
Latitude + Offset 10542 0.0003
and
10543
Longitude + Offset 10540 0.0003
and
10543

TABLE A-5. FORMAT FOR ENTERING CONSTANTS

Bit No. 15 14 13 12 11 10 9 8 7 6 § 4 3 2 1 0O
Word 1 S Exponent + 0200, High Mantissa
Word 2 0 Low Mantissa

format for entering the constants as floating point binary numbers is shown in Table A-5. An
example to demonstrate the procedure for converting a decimal number to the above floating
point format is presented as follows for the decimal number 10529.8.

First convert the integer part of the decimal number to an octal number
10,529,0 = 24,441,
Convert the fractional part of the decimal number to an octal number
0.8, = 0.631464
Thus the mantissa for the number is

24441631464

or

2 4 4 4 1 LR T 1 -
10 100 100 100 001 110 001 001 100 11

| o
o
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The exponent is determined by counting the number of binary bits that are required to
represent the integer part of the octal number (24,441;)

No. of bits = ]410 = 163
Then the exponent + 02005 = 02164
Thus the floating point number is:

word1=15 14 13 12 11 10 9 8
I

2 1 6 2 4 4
d2=0 0 1 '
WOr 0 "0 -0l n 0 1 1.0 0
1 6 3

or expressing the result in octal we have

word 1 = 043522
word 2 = 020714
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APPENDIX B
SOFTWARE DESCRIPTION

I. General

This appendix describes and contains flow charts for both the on-line and off-line VHF
Range/Range programs. The on-line VHF Range/Range program does not provide for on-line
printout of data because of time limitations. Since a new position-location calculation is
performed every 5 seconds, it would not be feasible to both continuously input raw phase data
and compute position and at the same time output the raw data and the calculated data. Thus,
the raw and calculated data gathered during an on-line experiment is stored on magnetic tape for
subsequent printout by an off-line program. The on-line program will be first discussed, followed
by a description of the off-line program.

II. On-Line Program Description

A flow diagram of the on-line program is presented in Figure B-1. The program inputs
digitized raw phase data from the OPLE Receivers and from this data computes the location of
the transponder(s) relative to the location of the Ground Control Center "or reference
transponder. Provision is also made for inputting radar data to serve as “truth” measurements.
The position-location algorithm will be first discussed, followed by an operations procedure for
the on-line software program.

A. Position-Location Algorithm

The equations relating position location to the appropriate input measurement
parameters for both absolute and differential ranging are developed in this section. Three
parameter measurements are required: the range from each of the two satellites to the aircraft
and the aircraft altitude above the earth’s surface. For the VHF Satellite Navigation Experiment
the aircraft altitude is a predetermined constant parameter. Additionally, parameters defining the
position of both satellites with respect to the Ground Control Center and the distance from the
earth’s center to the two satellites are required.

The ranging equations may be divided into two major subsections; phase angle
difference calculations, and position location calculations. A simplified flow diagram of the
position location algorithm is presented in Figure B-2.

1. Phase Angle Difference Calculations
To calibrate the system, phase measurements for each tone and each receiver must
be made from the GCC to the reference terminal. To obtain an accurate set of calibration data,

the sines and cosines for each tone and receiver are summed for 12 samples. The 12 calibration
angles (three tones and four receivers) are calculated as follows:
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12
Z Snmi
i=1
12
Y O
=1

G.um = tan radians

where
n = 1-3 tones
m = 1-4 receivers
¢ = calibration data.

The arctan is accomplished by a table loop-up procedure using a 127-word table for 45 degrees.
Should

12 12
E S,mi be greater than E Comi
i=1 i-1
Then the calibration angle is determined as foliows:
12
E Cnmi
=l
12
E Snmi
i=1

The quadrant information is determined prior to the table loop-up procedure. The output ¢,
is from O to 27 radians.

1

Peam = ™/2 — tan™ radians

After the calibration angles are calculated and the phase mode is initiated, four
phase data sets are read every 5seconds. The 12 phase angles ¢, are calculated in the very
same manner as were the calibration angles.

Before initiating the position location calculations, it is necessary to determine the
range from the aircraft to the satellite via phase difference calculations. The diagram in
Figure B-3 illustrates the principle of the phase difference calculations. The calibration angle
measurements involve transmitting a tone package from the Ground Control Center to the master
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Figure B-3, Principle Phase Difference Calculations

satellite, from the master satellite to the reference transponder located at the Ground Control
Center, from the reference transponder to both satellites, and from both satellites back to the
Ground Control Center. Thus the calibration angles pertain to the distance from the OCC to the
master or slave satellites. In particular, since phase-lock loop receivers No. 1 and No. 2 are
assigned to the master (ATS-3) satellite and receivers No. 3 and No. 4 are assigned to the slave
(ATS-1) satellite, it follows:

¢'cn, and ¢cn, S Rsl

¢cn, and ¢cn‘ =2 RS. g 2R5:

The phase angle measurements involve transmitting a tone package from the
Ground Control Center to the master satellite, from the master satellite to both the reference
and aircraft transponders, from the reference and aircraft transponders to both satellites, and
from both satellites to the Ground Control Center. The four phase-lock loop receivers in the
Ground Control Center are assigned as follows:

Receiver No. 1—aircraft transponder-master satellite
Receiver No. 2—reference transponder-master satellite
Receiver No. 3—aircraft transponder-slave satellite
Receiver No. 4—reference transponder-slave satellite.



With the above assignments, it follows that:
¢nl u 2RSl + 2RA.

6a, = 4R,

¢n, 7 Rst * RA; & RA: = Rsa
¢n, = 2R, +2R,

By taking the difference between the calibration angles and the phase angles for
each tone and receiver, the phase difference can be calculated. From the phase difference the
range difference is calculated from the formula

where R is the range difference, C is the speed of light, f is the tone frequency, and a is the
phase difference. However, care must be exercised in calculating the phase differences to ensure
that the geographic location of the tone ambiguity limits do not vary from calibration run to
calibration run. Moreover, it is necessary that the center point of nonambiguous ranging coverage
is the same for all three tones. The problem that can arise by simply taking phase difference
measurements without regard to ambiguity limits is illustrated by the following example. Assume

O = 1.997 radians

Assume the aircraft is flying in the vicinity of the Ground Control Center and at two different
points in time the following phase measurements are made:

¢y3 (t;) = 1.977 radians
¢13 (t2) = 2.017 radians = 0.01# radians

since the phase angle resolution is only 0 to 2w radians. Taking phase differences gives

1.97r — 1.99
Ad (t,) = % = 001

0.01r — 1.99
Ag b= ——t— Y = T =_099

It can be seen in the above example that the two phase difference calculations are
radically different, although the aircraft was in the same geographic vicinity. The problem arises
in that since the calibration angle ¢,3; was measured to be 1.997, the Ground Control Center
becomes a limiting point on the nonambiguous ranging coverage.
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To establish the Ground Control Center as the center point for nonambiguous
ranging coverage for all three tones, the following phase differencing equation is used:

- ¢
&, = fractional part of LGﬂ +.1.5) 0.5

Having made the phase difference calculations, the range difference calculations are now made.
The best weighted average of the three measurements is computed to minimize the range error.
This minimum error is attained by applying weighting functions proportional to the measurement
accuracies which, in the case of constant phase jitter caused by noise, becomes proportional to
the sidetone frequencies. The general weight average and range is expressed by the equation:

oy agm Q3
m m
{2 K, +— K,+ — K
fl 1 f2 2 f3 3
s K, +K,+ K,

using the weighting values of K; =f;, K, =f,, K3 =1;
AR - SEY - +
- _fx +f,+1; [alm a2m a3m]
R,, = 0.144495 [alm ta, + a ] X 10° meters

For just the 941 tone

C
R, i 0.318426 a; _

The resulting range difference measurements contain the following ranging information, ignoring
ambiguity for the moment.

R, = 2R,, — 2R

51
R2=0
R3 =RA1 +RA2 _Rs] _R82
Ry =0.

Thus the range from the aircraft to each of the two satellites may be found as follows:
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R,, =R, +R, +R; —R,_

R, =R, +R, +R; -

R,
RA,=R3—?+

R,
e

It is to be noted at this point that the problem of ambiguity resolution has not been resolved.
Thus if the aircraft is not within approximately 70 miles of the Ground Control Center

(reference transponder), so that RAi -~ RS!

and Ry, — Ry are within the ambiguity range

limits, then additional a priori knowledge must be furnished.

Having established RA1 and RA2 , the position-location equations are now utilized
to determine the geographic location of the aircraft transponder.

2. Position-Location Computation

Before discussing the
position-location equations, a brief review of
directional cosines and their application is
first given. Refer to Figure B4.

Given the vectors ﬁl and ﬁz,
it is the purpose of the example to find
l_I){;, R Tllg Cartesian components of vectors
R, and R, may be written as:

R; (X;) =R, cos ¢, cos y; = R;by,
R; (X;) =R, cos ¢; sin Y; = R; by
R; (X3) =R, sin ¢; = R, by,

R2(X;) =R, cos ¢, cos ¥, = Rybyy
R,(X;) = R, cos ¢2 sin Y, = Ry by,
R,(X3) =R, sin ¢, = R, by,
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Figure B4. Direction Cosines Geometry




Therefore

R3] = {[R1 (X;) — R, X112+ [R; (X3) — R, (X3)]12 + [R; (X3) — R, (Xs)]z}%
R3] = {ng (X;) + RZ (X)) + RE (X3) + RZ (X;) + R? (X;) + R7 (X;3)
- 4
~ 2[R, (X,) Ry (X)) + Ry (Xa) Ry (X3) + Ry (Xa) Ry (X3)1}

IR; | ={Rlz + Ry — 2R; R, (by; bz + by by + banbsz)}%

Now the “b” terms are the direction cosines and may be expressed as vectors where

bll b12

-
by = | by |, by = | by |, and b.]l‘ = [by; by by ]

b, bas |
Since
oy byy
b1; by = [by; byy bay] |baa | = byy byy + by byy + by by,
bay

-
IR;/2 =R2 + RZ — 2R, R, b b,

The position-location problem is illustrated in Figure B-5.
a. Absolute Position-Location Computations

If the orthogonal coordinate system X,;, X,, X, is aligned such that the X,
axis corresponds with the North/South axis of the earth and the X, axis passes through the
Greenwich meridian (0° longitude), then the direction cosine vectorsBlfor the two satellites are
defined as follows:

b;, = cosine (angle between _I){o,, and X, axis)

cosine (latitude) cosine (longitude)

o
N
[}

cosine (angle between_l}on and X, axis)

cosine (latitude) sine (longitude)

by, = cosine (angle between_f{un and X3 axis)

Il

sine (latitude)
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Figure B-5. Geometry of Position Location Problem
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Utilizing direction cosine vector notation yields

Ry 2 =R.2 +R} = 2R, Ry 60 by (B-1)
R, 2=R,2+ R} ~ 2R, Ra_bb;r b (B-2)

Also we know
1=8,2 +u 00 (B-3)

The simultaneous solution of Equations (B-1), (B-2) and (B-3) for b, is complicated by the fact
that Equation (B-3) is nonlinear. However, we can easily solve for b, and baz in terms of the
measured and known terms and b,, .

ROIZ + Raz . RAIZ

by b, +bygb,, = — bisb,; =Dy — by3b,,

2 2 2
R,2 +R2 — R,

bl ba, + bZZba’ = — bas ba' — Dg — b23ba’

2R, R,

Dj o bga l')aa e blzl bn:

D, - blabai - b3 b
22

a
< b]l b!l

. bya by " 1 o W A
% e B 1 g
byy bay % Buba (b2, Dy 220130, 12D2 + b1abasb, )

b,

b, =— (bpD; — by,D;) + z (by2ba3 — byybys) (B-4)

Bl

where A = by; by; — by by
D; — bysb, — buba,\

by /

D; — by3b,, — bar by, Dz = basb,, = ba

b, = .
i b2z b
bz by
= . [byyD; — by Dy + b, (by by — by b
[ bybyp| * buby i 21¥1 7 Ya, 1021013 11b23)]
1 ba,
haz = E (bllDZ e bZI Dl ) + _A— (b;] b13 — bl’l b23) (B'S)
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Now let us assume that both satellites are in the equatorial plane. Thus we can rewrite Equations
(B-4) and (B-5) as follows:

1

b,, o (b2 Dy — by2D;) (B-6)
1

ba, = A (byy Dy — by Dy) (B-7)

Having solved for ba and b,, via Equations (B-6) and (B-7), we can now solve for by, as
follows:

b,, =*(1 — b2 —b,?)* (B-8)

The solution for b,, via Equation (B-8) is only approximate, since the solutions for by, and b,,
were obtained by assuming the two satellites were in the equatorial plane. However, an iterative
process can be initiated at this point to obtain the desired degree of computational accuracy. A
flow diagram of this iterative process is presented in Figure B-6. As shown in the flow diagram,
the iteration is repeated 10 times, which has been found to be more than adequate for the
computational accuracy required.

The plus and minus signs in Equation (B-8) correspond to symmetric
locations in the northern and southern hemispheres, respectively. Thus a priori knowledge of the
aircraft location is needed to determine the sign of bay

Now, having determined bal . ba, , and ba;, , it is necessary to calculate the
latitude and longitude of the aircraft. Again, assume the orthogonal coordinate system X, X,,

X; is aligned such that the X; axis corresponds with the North/South axis of the earth sphere
and the X, axis passes through the Greenwich meridian (0° longitude). The longitude is

determined as follows:
lRal ba1
= tan!
IR, | b,

the projection of R on the X, axis

longitude = tan™
E lthe projection of R, on the X, axis

o

a,

longitude = tan™! l

The latitude is defined as the angle between the vector R, and the X, X, plane; therefore, the
latitude is:

latitude = sin™! (bay)
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COMPUTE b ; AMD b,
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VIA_ EQUATIONS 6 AND 7
ZERO COUNT OF N

lF

COMPUTE ba3 VIA EQUATION 8
l N =N +1

COMPUTE ba AND ba
1

VIA EQUATIONS 4 AND 5
WITH THE ABOVE COMPUTED ba3
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Figure B-6. Iteration Loop, Flow Diagram

It would be convenient to have an on-line display device, such as an X-Y
plotter, to display the aircraft’s distance from a known and fixed geographic point. The problem
then is to convert differences in latitude and longitude between the aircraft transponder and a
fixed reference point to X-Y differences in, say, nautical miles. Assuming the circumference of
the earth is 21,639.34 nmi, then a degree change in latitude is equivalent to
21639.34/360 = 60.109 nmi, regardless of longitude. However, the amount that a degree change
in longitude represents in nautical miles is directly dependent on latitude. For purposes of
illustration, the coordinates of Texas Instruments, Dallas, will be utilized to convert differences
in longitude to nautical miles where:

longitudereyas mstruments Daitas = 96°45'1.8" W = 96.7505° W
32°55'57" N = 32.9325° N

latltude—rem Instruments Dallas



http:21,639.34

If an orthogonal coordinate system X, Y, Z is aligned such that the Y-axis corresponds with the
North/South axis of the earth and the X-axis passes through the Greenwich meridian (0°
longitude), then the amount that a degree change in latitude represents in nautical miles can be
found as follows:

Dy = Rg cos (latitude) sin (A longitude)

where
Dy = distance in X direction in nautical miles
Rg = radius of earth in nautical miles
latitude = latitude at Texas Instruments, Dallas
_21639.34
e T
T

Dy = M X 0.8393 X 0.01745
= 2m

X cos 32.9325° X sin 1°

Dy = 50.44 nautical miles/degree of longitude

For latitude the conversion is simply

_2mRg _21639.34
> =360 360

Dy = 60.109 nautical miles/degree of latitude.

The data processor in the Ground Control Center outputs digital data in a 16-bit word format.
Thus, to enable outputting the data in one digital word, 8 digital bits will be assigned to latitude
information and 8 digital bits will be assigned to longitude information. Furthermore, since the
nonambiguous distance is approximately 70 nmi, the full 8-bit count will be made equivalent to
70 nmi or

AT

X = 183.745 digital counts/degree of longitude at 32.9325° latitude
255
Ne=iDere—
90

Y = 218.968 digital counts/degree of latitude

Converting to radians

360
X =183.745 X —
2

X = 10527.8 digital counts/radian of longitude at 32.9325° latitude

Y = 218.968 X ?ﬂ)
2w

Y = 12545.9 digital counts/radian of latitude.
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To ease the complexity of converting the digital latitude and longitude words to analog signals
for presentation to the display unit, the digital output words will be restricted to always being
positive numbers. Also, it is desirable to have the reference point (which in this example will be
Texas Instruments, Dallas) in the center of the display. To accomplish both outputting positive
numbers and placing the reference point in the center of the display, the following latitude and
longitude differencing equations can be used, assuming full scale represents 70 nmi.

A latitude = latitude sy raft Transponder — (latitudereference Point — )

where
¢, = number of radians required to offset display 127.5 digital counts or
35 nautical miles

1 radian
= X 127.5 digital nts
%c = 12545.9 digital counts BFOL

0.01016 radian

b
For Texas Instruments, Dallas

latitude gegerence — Pe = 0.564066

Thus

A latitude = latitude s ycraft Transponder — 0-564066
In the very same manner

A longitude = 1.7007353 — longitude jcraft Transponder

Finally, the equations to convert from latitude and longitude in radians to nautical mile
displacement from Texas Instruments, Dallas, are as follows:

Y Latitude = (1atitude sircio Transponder — 0-564066) 12545.9

XL ongitude = (1.7007353 — longitude sjrcratt Transponder) 10527.8

To convert from latitude and longitude in radians to nautical mile displacement from Texas
Instruments with a full scale of 35 nmi the following equations hold.

Y L atitude = (1titude sizcrare Transponder — 0-564066) 25092 — 127.5

X ongitude = (17007353 — longitude sjscraft Transponder) 21059.6 — 127.5
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b. Differential Position-Location Computations

Although the preceding section is entitled Absolute Position-Location
Computations, it is in truth a diluted form of differential position-location computations. That
is, any fixed delays (or phase errors) in the Ground Control Center transmit or receive
subsystems, in the satellites and in the aircraft transponder, and any fixed bias effects in the
propagation media are cancelled in the phase angle difference calculations between the current
phase data and the previously recorded calibration data. However, any time-varying effects are
not cancelled.

Now if the position of the reference transponder, as calculated by the
absolute position-location computations utilizing phase-lock loop receivers No. 2 and No. 4, is
subtracted from the position of the aircraft transponder, again as calculated by the absolute
position-location computations utilizing phase-lock loop receivers No. 1 and No. 3, the common
mode time varying effects are cancelled. The equations utilized in determining the position of
the aircraft transponder in the differential mode is as follows:

Xpat, Xpat  Xpae 1275
Diff. = ABS — ABS
AIC  AIC  Ref

YLon. YLon. YLcm. +127.5
Difft = ABS — ABS
A/C A/C Ref.

B. Operators Instructions, On-Line Program

The program initialization procedure, receiver assignments, and ephemeris data entry
are all discussed in the Acceptance Test, Part I, Individual Test for Ground Control Center—VHF
Satellite Navigation Experiment (Texas Instruments Drawing No. SK714211). Additional
information concerning ephemeris data is presented in Appendix A. However, not discussed in
the above references are the various tasks and options that can be performed using the sense
switches on the OPLE Control Console in conjunction with the sense switches on the DMI
DATA 620 Computer. Table B-1 lists the tasks and options with the appropriate sense switch
pattern. The instructions for using the utility programs are presented below.

1. Magnetic Tape Read-Write

Upon entering this program, the following message will be typed on ASR-35
Teletype Unit.
SS1 ON = WRT, OFF = RD
TAPE FILE AND RECORD NUMBER.

One responds by typing:
N1 )
N2
e,

B-19




TABLE B-1. ON-LINE PROGRAM TASKS AND OPTIONS

Utility Task Sense Switch Pattern
1. Magnetic Tape Read Utility, F, Go
2.  Magnetic Tape Write Utility, F, 8§8-1, Go
3. Help (Debug aid) Utility, H, Go
4. Binary Paper Tape Loader Utility, D, Go
5. Off-Line Floating Point Input Utility, G, Go
6. Close File On Magnetic Tape Utility, E, Go
VHF Range/Range Program Task Sense Switch Pattern
1. Data Entry (No Receiver Assignments) Execute, Init, Go
2.  Receiver Assignments Execute, D, Go
3. Data Entry and Receiver Assignments Execute, Init, D, Go
4. No Data Entry or Receiver Assignments Execute, Go
5. Take Out of Wait Loop Go
6. 35-Mile Range Any Range/Range Pattern
7. 70-Mile Range §S-3 and any Range/Range Pattern
8. 1 A/C (Differential Mode) Any Range/Range Pattern
9. 2 A/C or Absolute Mode §S-2 and any Range/Range Pattern
10. Normal Termination E. and any Range/Range Pattern

where N1 is the file number, N2 is the record number and )is a carriage return which -
terminates the number. A leading 0 for N1 or N2 indicates an octal input and no leading zero
indicates a decimal input. Hence, a zero must be entered as 00. The $ terminates the input
mode.

Once the input mode is terminated, the ASR-35 Teletype Unit responds by
typing:
START AND FINAL ADDRESS
One responds by typing:
N1
N2>
where N1 is the start address and N2 is the final address. Again, the octal/decimal convention

discussed above holds. To prevent program overlay while reading, the following criteria should be
followed:

If N1 > 167115 then N2 < 17777,
If 0 < NI < 165004 then N2 < 165004
The record is then read or written according to the setting of SS1.

2. Help (Debug Aid)

This subroutine is fully described in the OPLE Software Manual, HB4-A67,
15 February 1968.
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3. Binary Paper Tape Loader

This subroutine is also fully described in the OPLE Software Manual, HB4-A67,
15 February 1968.

4. Off-Line Floating Point Input

This subroutine converts decimal numbers as entered via the ASR-35 Teletype
Unit into floating point numbers and stores the resulting point numbers into previously
designated locations in memory. This subroutine is especially useful in entering the geographic
dependent software constants (Appendix A).

Upon entry the program will halt. The starting or first address of where the
floating point numbers are to be stored is entered into the A Register. At this time, the RUN
switch is pressed. The numbers are then entered via the ASR-35 Teletype Unit with or without a
decimal point or a sign. When no sign is entered, the number is assumed to be positive. When no
decimal point is entered, the decimal point is assumed to be at the far right of the word. A
(carriage return) ends the word and a $ sign ends the input mode and returns the system to the
monitor mode.

III. Off-Line Program Description

The off-line program provides for printout on the ASR-35 Teletype Unit of the raw and
calculated data gathered during the on-line experiment. A flow diagram of the off-line program is
shown in Figure B-7. The off-line program performs no calculations, but rather simply formats
the data stored on magnetic tape during the on-line run for presentation to the ASR-35 Teletype
Unit.

The procedures for initializing, loading, and operating the program are presented in the
Acceptance Test, Part I, Individual Test for Ground Control Center-VHF Satellite Navigation
Experiment (Texas Instruments Drawing No. SK714211). However, not presented in the above
reference are the various printout options avallable Table B-2 lists the options with the
appropriate sense switch patterns.

TABLE B-2. SENSE SWITCH SETTINGS—OFF-LINE PROGRAM

Sense Switch Settings Function

SS “D” ON Disables printout of header (ephemeris) data

SS “E” ON Disables printout of OPLE Time (Time of OPLE
Interrupt)

SS “F” ON Disables printout of NASA time (time of Radar
Interrupt)

SS “3” ON Having performed the options of SS’s “D,” “E,”

S8 “G” OFF and “F,” skips to next run

SS “3” ON Having performed the options of SS’s “D,” “E,”

SS “G” ON and “F,” skips to next record

SS “H” ON Disables printout of calibration data record

S8 “1” ON Disables printout of raw phase data

SS “2” ON Enables printout of radar data
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The units associated with the various numbers printed are listed below:

Header (Ephemeris) Record

A

Receiver Assignments—octal if proceeded by a zero, decimal otherwise
Aircraft Altitude—10® meters from the center of the earth

Satellite Altitude—10% meters from the center of the earth

Satellite Range—10® meters from GCC to satellite

Satellite Direction Cosines—unitless

Delta—unitless (b;y; by; — by byy)

Calibration Record

1.
Z.
£ 5

Calibration Data—measured phase in radians
Sines—sum of 12 sine samples

Cosines—sum of 12 cosine samples

Data Records

1.

e e

10.
11.
12.

13.

14.

15.

PLL—number from 0 to 2 which represents the phase-lock loop correlation
detector output voltage

Sines—sum of four sine samples
Cosines—sum of four cosine samples

Amplitudes—number from 0 to 5.66 which represents the amplitude of the signals
out of the phase detector

Range—range difference for each receiver in 10° meters
Theta—longitude of A/C 1 in radians
Phi—latitude of A/C 1 in radians

Latitude 1—displacement of A/C 1 from reference point in Y-direction, scaled per
setting of SS-3 during on-line experiment [see Appendix B.2.a.(2)]

Longitude 1—displacement of A/C 1 from reference point in X-direction, scaled
per setting of SS8-3 during on-line experiment [see Appendix B.2.a.(2)]

Latitude 2—same as latitude 1
Longitude 2—same as longitude 1

R*cos—displacement of radar track from Texas Instruments in the Y-direction
plus 35 nmi, scaled to 255 equals 70 nmi

R*sin—displacement of radar track from Texas Instruments in the X-direction plus
35 nmi, scaled to 255 equals 70 nmi

Azimuth—azimuth of radar target from Texas Instruments in degrees referenced
from true north

Range—range of radar target from Texas Instruments in nautical miles.
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_ APPENDIX C
TRANSPONDER DESCRIPTION

I.  Description of Transponder

The transponder was packaged in a standard '2-long Austin Trumbull Radio (ATR) case as
shown in Figure 4-2. Twelve modules were used to house the circuits; Figure C-1 shows a typical
module (the transmitter power amplifier) with its top cover removed. Figure C-2 depicts a top
view of the transponder and the relative location of the modules.

The following paragraphs describe each of the 12 modules in the transponder as shown in
Figure C-3. Schematic diagrams of these modules are included at the end of this appendix.

1. Diplexer (Figure C4)

The purpose of the diplexer is to allow the transmitter and receiver section of the
transponder to operate simultaneously from one antenna. This is accomplished by building two
filters, both tied to the antenna port. One filter is in the receiver signal path and the other in the
transmit signal path. The receiver path filter passes the receive frequency with a minimum
amount of loss, while greatly attenuating the transmit frequency signal. The filter in the transmit
path performs a similar function for the transmit signal, passing that signal and rejecting any
signal at the receive frequency.

The transmit filter is a two-pole Butterworth filter with a 10-MHz bandwidth. The
transmit-to-antenna loss at the transmit frequency is 2.0 dB and 67 dB at the receive frequency.
The receive filter is a four-pole Tchebysheff filter with a 5-MHz bandwidth. The
antenna-to-receiver loss is 3.0 dB at the receive frequency and 80 dB at the transmit frequency.

B. VHF Converter (Figure C-5)

The VHF converter receives the 135-MHz signal from the diplexer through a 3-dB
noise figure Field Effect Transistor (FET) front end. This signal is mixed with a 205-MHz local
oscillator down to 70 MHz. By using high-side conversion, image frequency rejection becomes a
simpler problem. Gain of 30 dB is obtained in this module and then filtered before going to the
second converter. ;

C. Pilot Tone Tracking Loop

The pilot tone tracking loop consists of several modules which comprise a phase-lock
loop. It must first be realized that several signals are received simultaneously in this system. A
pilot tone is received and converted down to 10.7 MHz for the transponder phase-lock loop.
Also, a package of tones very close in frequency is received at 10.665 MHz. The package of
tones is retransmitted while the pilot tone, locked in the phase-lock loop, holds the 10.665-MHz
package in the center of that filter passband.
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Figure C-1. Transmitter Power Amplifier Module
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Figure C-2, Transponder, Top View
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All of the signals are received together through the second converter They are then
fed mnto an IF filter where the 10 7 and the 10 665 MHz are separated Then, the 10 7-MHz
signal goes through an IF amplifier mto a Iimiter and to a phase detector where 1t 1s compared
with a 10 7-MHz reference oscillator The resulting error signal then varies the VCXO 1n the
second converter to establish and maintain phase lock

1 Second Converter

A schematic diagram of the second converter 1s shown in Figure C-6 The
mmcomng 70-MHz signal from the VHF converter i1s at the —110-dBm level This signal 1s
amplified, fed mto a mixer along with a VCXO at 59 3 MHz, and passed through an L-C filter to
the IF filters at a level of —93 dBm

2 IF Filier

The IF filter module, shown m Figure C-7 consists of three sections an amplifier,
a crystal filter (6-kHz bandpass), and another amplifier These two amphfiers, along with the
filter loss, yield an overall gam of 15 dB

3 IF Amphfier

The IF amplifier, Figure C-8, 18 a pair of cascaded MC1590 linear mtegrated
circurts The design 1s stramghtforward, producing 60-dB gain With a —78-dBm signal at the
mput, a —18-dBm signal is obtamned at the ouiput In this IF section the automatic gain control
(AGC) from the power amphfier 1s fed back to adjust the output to a constant level for varying
mcormng signal strengths

4  Limmter (Figure C-9)

The hmter 1s a straightforward design using MC1590 IC’s and produces 60 dB of
bmiting This module 1s necessary to maintain a constant level of signal mnto the phase detector
The AGC response fime 15 too slow for rapid varmations in signals and primaridy maintains a
constant output from the IF amphfier for different incoming signal strengths Also, in this
transponder the AGC operates from the power amplifier output level, which 1s dependent on the
signal level The level of the signal going through the transmitter may not necessanly be the same
as that gomng to the phase detector

5  Phase-Lock Loop (Figure C-10)

The phase-lock loop module contamns a phase detector which feeds a compensated
operational amplifier and then a low-pass filier When the phase-lock loop 1s locked, both the
mcoming signal from the himter and a reference oscillator are on the same frequency and i
phase If the incomung signal shafts slightly i frequency, the phase detector produces an error
signal which m turn vanes the VCXO When the incoming signal first appears and the loop 18
trvaing fo acquire phase lock, there 1s a considerable frequency and phase difference between that
and the reference oscillator When this situation occurs, a low-frequency output i1s obtamed from
the phase detector This signal 1s then compensated, amphfied, and filtered, producing a distorted
sime wave The distorfed sine wave contamns a dc component which slews the VCXO until phase
fock 1s acquured

C-9/C-10
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6  Reference Oscillator (Figure C-11)

The reference oscillator 1s a crystal oscillator at 10 7MHz Two buffer stages are
used to isolate the oscillator from load varations

D  Transmtter

The transmtter porfion of the transponder accomplishes the following

Converts the incoming ranging signal to another frequency from the receive
frequency

Amplifies the ranging signal to a usable level for transmission to the satellites

In addition, the power amplifier section of the transmutter has fo prowide an automatic gain
conirol output to feed back to the receiver Al stages 1n the transmiiter signal path must operaie
linearly

1  Third Converter (Figure C-12)

The IF amplfier output 1s at a frequency of 10 665 MHz, with the package of
several tones on or adjacent to this frequency The third converter takes the output of a local
oscillator, triples 1t to 159 MHz, and feeds this into a muxer along with the 10 665-MHz output
from the IF amplifier The mixer output 1s filtered and then amplified for an output of
—11 dBm at 149 22 MHz

2 Power Amplifier Driver {(Figure C-13)

The Power Amplifier (PA) driver section i1s an infermediate module between the
third converter and the power amplifier Ifs purpose 1s to boost the signal from the third
converter to a sufficient level to drive the power amplifier Since the outfput of this module 1s
still at a relatively low level, +18 dBm, class A amplifier stages can still be used Although the
efficiency of each stage 18 not lagh (about 20 percent), the hnearity 15 very good The
specification for the transmutter output linearity 1s an intermodulation distortion product
suppression of 20 dB Normally, there 15 a degradation of 6 dB m ntermodulation distortion
(IMD) per stage 1n a transmitter system This implies that the first stage of the power amplifier
module must have 26 dB of IMD suppression For the PA driver the third, second, and first
stages must have 32-dB, 38-dB, and 44-dB IMD suppression, respectively To achieve this kind of
linearity, the use of class A amphfier stages 15 a necessity

3  Power Amplifier (Fagure C-14)

The power amphfier consists of a two-stage amplifier and an AGC detector and
amplifier As in the PA dnver, the first stage of amphficafion 15 achieved using a class A
amplifier To obtain the reqmred hinearity at the output and still mamtain a reasonable efficiency
at an output power level of 4 watts, the final stage 15 operated 1n class AB Along with yielding
the hneanty, these two stages together have enough gamn to amplfy the +16-dBm output from
the PA dniver to +38 dBm, this inciudes 2-dB loss m a bandpass filter mnserted in the transmitter
signal paths (Figure C-15) A level of +38 dBm must be obtained at the output to overcome
another 2-dB loss in the diplexer

C-23



TABLE C-1 TRANSPONDER SCHEMATIC DIAGRAMS The signal from the power
amplifier output 15 detected and then

Dragrem Drawing Number Fgue amphfied to provide a slow-release, dc, AGC
Third Converter SK714216 12 control level to control the enftire recerver-
Second Converter SK713220 C6 transmitter loop gain The AGC cucwit 18
IF Falter §K714224 C7 designed with a long time constant so that
Limiter SK714228 c9 the PA output level can go through a zero
E:::::::k?ﬁ?f:m zgiggz g;; pomt with modulation and still not allow
Duat IF Amphfier SK714240 cs the loop gain to imncrease If a weak signal 18
VHFE Converter SK714244 Cs received m the recewver, the AGC control
PA Driver SK714248 13 circwitry allows the loop gamn to mncrease to
Power Amplifier SK714252 14 compensate for the weak signal
Transmutier Fiter SK714256 C-15
Diplexer SK714258 c4 4  External Power Amplifier
DC Wiring SK714266 C-15

To mmprove the overall link
for system tests, an external power amplifier
was added to the basic transponder This
external PA was an unmodified commercial

item produced by the Gonset Company It 1s capable of 500 watts dc mput power with better
than 50-percent efficiency The basic transponder output 15 more than adequate to drive the
Gonset PA to the deswred output It was empinically determined that 30 watts mto the antenna
provided ample signal for the system hink

The Gonset PA has a 4 X 150 tube-type amplifier and was originally designed for
144- to 148-MHz service A check with the manufacturer showed the PA to be operational up to
152 MHz

I Transponder Schematic Diagrams

Schematic diagrams of the 12 modules are included in the following pages A hsting of the
schematics 1s given 1n Table C-1
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APPENDIX D
POSITION ERROR ANALYSIS

As explamned in Section ITl, the position of the aircraft 1s determined as the intersection of
three spheres whose centers are located as follows one sphere centered at ATS-1, one centfered
at ATS-3, and one centered at the earth’s center The parameters required for this position
determination are the distances from the awrcraft to each satellite and altitude of the amrcraft
Errors i measuning or estimating these parameters lead fo errors of position location, and the
extent of these position errors 1s mfluenced by the system geometry through the Geometric
Dilution of Precision (GDOP) Factor

It 1s the purpose of this appendix to examune qualitatively and quantitatively the sources of
error in the range determination and the ranging sensitivity fo the various error sources for the
position location fechmque using differential range measurements These then lead to estumates
of the posthion location errors, using calculated GDOP factors for the ATS-1 and ATS-3 satellites
with an awcraft i the vicimity of Dallas, Texas

I Sources of Error in Range Determination

The principal sources of error may be considered in four categories

1 Propagation errors consisting of ionospheric and troposphenc effects and multipath
effects

Measurement errors caused by system noise and ground processor maccuracles

3  Delay errors caused by uncompensated delays of aircraft transponder, reference
transponder, satellite transponders, and the ground processor

4  Satelitte position uncertainty
A Propagation Errors
1 lonosphenc Effects

The effect of the ionosphere 1s to reduce the group velocity of the propagated
wave and hence increase the path delay compared with that experienced in free space The
ranging error 1s a function of integrated electron density (I) and has been treated in detail n
Reference 1 from which Table D-1 has been taken, showing the one- and two-way path errors
produced at vanous satellite elevation angles over a range of integrated electronic densities These
are the errors to be expected m absolute ranging techmques, but thus effect 1s largely removed 1f
diferential techmques are used

Irregularities 1 the structure of the ionosphere also introduces signal amphtude
fluctuations or scintillations Midlatitude scintillations have been measured by Aarons and
Whitney > Therr data gives a 90 percentile/scintillation fade margmm of 13 dB and 99 percentile
value of 94 dB The fading periods are distributed approximately as 1 Table D-2 Fading periods
of several seconds are therefore to be expected frequently in the present expertment
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TABLE D-1 TONOSPHERIC RANGING ERROR

1=2% 10% elec

I=3X 10"’1“ I=86X 10""8—12

m? m m?
Satellite One-Way Two-Way One-Way Two-Way One-Way Two-Way
Elevation Angle (&) Path Error Path Emor Path Emor Path Emor Path Error Path Error
e = 20° -016 km —032 km —26 km —51km —635 km =13 0 km
€= 45° -012 km —025 km ~2 0 km —4 0 km ~53 km —107 km

TABLE D-2 MULTIPATH FADING PERIODS

2  Troposphernc Effects

ng}'tase For elevation angles (¥)
Fadmg Perod Occurrences greater than 10 degrees, the tropospheric
T, < 5 seconds 43 ]r:;fractlon error 1s given to withm 3 percent
B seconds < Ty < 14 seconds 29
15 seconds < T < 59 seconds 28 ARtropo = J(10~¢/stn ¥) N (h)dh
where N = (n — 1) X 10°, n being the index

of refraction for arr ¥For an amwcraft at

5000 feet, and for N ... =400, the maximum tropospheric range error 1s 6 meters for satellite
elevations of about 20 degrees, and hence 1s entirely negligible

3  Multipath Effects

As described 1n Reference 3 mulfipath mterference introduces both amplitude and
frequency modulation to the dwrect path signal The net result 1s amphtude fading and a
time-varying phase shift that introduces a ranging error For the satellife elevation angles of 20 to
40 degrees applicable to the present experiment in the vicmuty of Dallas, Texas, the expected
multipath ranging errors are approximately as shown in Table D-3

These values were computed assuming the characteristics of the Dorne and
Margolin Satecom antenna for reception of the direct and multipath signals

TABLE D-3 MULTIPATH RANGING ERROR B Measurement Errors

Satellite Type of  Nommal Ranging Error
Elevation Fading for 941 Hz Tone 1 System Noise Effects

0—30 degrees  Specular 13 km Because of vanous noises
3050 degrees Diffuse 48 km sources m the ranging system and hmitations

of avalable signal power from the aircraft

and satellite (principally the latter), limats
exist on the available signal-to-nowse power density of the ranging signal returned to the ground
station ,

As described 1n Section III, the ranging method emploved in this expernment

mnvolves measurmg the delay imparted to the sidetone ranging signal (941 Hz) over the two-way
ranging path (GCC-satellite-aircraft-satellite-GCC)
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The variance of the estimate of the phase delay may be expressed as

1

of = (2E/N,)

where

E = energy of sidetone integrated by the phase
detection process

N,

o = noise power density appearing at phase detector

from all noise sources 1 the system
For a l-second integrate and dump process
E/N, = C/N,

where C/N, 1s the expected sidetone carrier to noise power density The predicted values of
C/N, derwved m Appendix E are shown m Table D-4 and have been converted to phase error and
range error, usmg the fact that 1 degree represents 081 km for a 941-Hz tone The values of
phase error and ranging error shown in Table D4 result from the integration of four l-second
samples of the expected signal at the output of the phase detectors

TABLE D4 SYSTEM NOISE RANGING ERROR 2 System Instrumentation
Effects
Predicted rms Range Error
C/N $en o (4 saMples) (941 Hz)

° e The phase detection process
27 dB Hz _
(nomunal) 086 degess 67 km described 1n Section III has impheit measure

ment error due to departure of the phase

23 dB Hz
(threshold) 10 degree 081 km detector characteristic from the theoretical

For the n-phase and quadrature analog
phase detectors of the GCC (modified OCC)
a phase error of approximately 2 degrees may be attmbuted fo this error source—mstrumentation
error This 18 by no means the state-of-the-art accuracy of phase detectors, 0 1 degree being
obtamable using digital phase detectors

For the present application existing phase detectors (having 2-degree error) were
available 1 the OPLE equipment The range error due to this phase error decreases as frequency
increases and for the 10 2-kHz tone used in OPLE, the error contributed was neghgible For the
941-Hz sidetone of the VHF Range/Range Experiment, the error in range due to the 2 degrees 1s

2X 08l km=162km peak
=12 km rms (approxmnately)
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3  Delay Errors
a  Aurcraft Terminal Uncompensated Delay Effect

The effect of uncompensated time delay and phase shift vamations expected
to occur 1n the amcraft transponder i1s a ranging error of approximately 60 meters This 1s the
assumed random delay variations not removed by the differential techniques described earlier,
which compensate for large static bulk delay differences between the aircraft transponder and
reference transponders

b Satelhte Transponder Uncompensated Delay Effect

The nomunal value of the satellite transponder group delay will be removed
through simultaneous aircraft and reference termunal range measureﬁl\ents The restdual or
uncompensated time delay which 1s caused by vanations in the signal amphtude and frequency is
conservatively estimated to be O 1 microsecond corresponding to a range & g‘)r of 30 meters

\
¢ Ground Processor Delay Uncertainty

In a properly implemented differential ranging system (using TDM
techniques) the uncertainty in ground processor delay would be sumilar to the residuals for
arcraft transponder and satellite transponders However, because of the ﬁ:equency division
miltiplex scheme required for the present expemment, removal of bulk delay differences is not
possible contmuously Therefore, the delays attnibuted to the GCC processing chamn for the VHF
R/R expemment are estimated to compmse a mean delay error effect of up to 15k%m with
standard deviation delay value of approximately 01 km The mean effect can be viewed as slow
drift 1n delay differences between recievers removed only in the calibration phase of the
measurement, the vamation of delay of 0 1km 1s due to fluctuations 1 each channel, over the
period of the measurement In estimating the error from this source, only the rms error will be
considered and the bias effect will be removed 1n the expenmental data

4  Satellite Position Uncertamty

Approximations to the satellite position error are made as follows
Satellite Position Error, Latitude = 2 km
Satellite Position Error, Longitude = 1 km ;

This position uncertainty 1s resolved into along-range and cross-range errorfgiving the following
values

Along range = 0 4 km
Across range = 2 0 km

I Range Error Budget

The budget of errors 1 the computed satellite-to-aircraft ranges 15 denved by

Computing sensifivity factors relating satellite—A/C range to the error sources for the
differential master/slave configuration

D4



Applyng the sensitivity factors to the source error allocations to determine error 1n
computed range

A Error Sensitivity Factors

Reference 1s made to the Texas Instruments System Study report for Position Location
and Aircraft Commumcations Equpment (PLACE)* where the error sensitiity factors are
computed 1 Appendix B Table D-5 of error sensitivity factors applies for the differential
master/slave satellite configuration used in the VHF R/R experiment

b RMS Frrors i Denved Satellite-
TABLE D-5 ERROR SENSITIVITY FACTORS to-Awrcraft Ranges

Emor Source Sensitivity Facior
The errors are obtamed by

Satellite 1 Satellite 2
applying the sensitivity factors of Table D-5
Link Noise 0707 1358 to the allocated values of source errors
Termnal Delay 0707 0707 discussed 1n Section1 of this Appendix The
rms errors are summarnzed in Table D-6 It
Ground Processor Delay 0707 0707 should be noted that two emor fotals are
Satellite Transponder Detay 10 173 imcluded The first excludes atmospheric and
Satellite Position multipath effects and will apply fo static
experiments 1n which the bias term 1s
Along Range 0008 0008 removed and the dewiation of the error
Across Range 013 013 measured The second total applies to flight
tests in which the bias errors are removed
Atmospheric Effects 141 141
Multy
ultspath Effects II Position Location Erroxs
Sateihte-to-AfC 05 05
A/C to-Sateliite 05 11 A Geometric Diution of Precision

{GDOP) Factors

Errors m the denved awrcrafi-to-

satelhte ranges are reflected as position

location errors m latitude and longitude The relationship between these two 1s referred to as

GDOP effect The GDOP factors are most easily computed by calculating first the equivalent

radial errors of the two circles of position centered at the subsatellite points, and then resolving

these iwo errors mnto latitude and longitude errors using results for the mtersection of two
circles

The ratio of radial error from the subsatellite point along a great circle, to the
satellite-to-aircraft range error is given by

Radial error _ 1
Range error cos ¢

where ¥ = elevation angle of the satellite Resolving this error into latitude and longitude
components gives the following relationships
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[Latitude Error] , 1 cos f,
AR, cos ¥y sin (f; + 8,)

[Longitude Error], 1 sin 5
AR, cos Yy sin (B; + ;)

where
AR; = range error to satelhte 1

B; = angle at the subsatellite 1 pomnt between the
equator and the amrcraft

B, = angle at the subsatellite 2 pomt between
the equator and the aircraft

For the perniod of the experiment, the values that applhed to satellite 1 (ATS-3) and satellite 2
(ATS-1) from Dallas were

¥, = 24 degrees
1 =33 5 degrees
¥, =21 degrees
B2 =32 degrees
The GDOP factors for each satellite are thus approxmately the same and are equal to

Latitude Error

AR =102
Longitude Error
AR =064

These factors are expressed without sign, however, the direction of the position errors
depends on the direction of the ranging errors Signs can be ignored for estimating rms errors,
however, the direction of residual bias errors and their magmitude depends on the polarities of
range errors for each satellite

B Predicted Position Location Brrors
The rms position errors can be estimated using the predicted range errors shown n
Table D-6 and the appropriate GDOP factors These results for flight expernnments are
Satellite 1

Latitude error =2 85 km =1 5 nm
Longitude error =1 8 km =10 nm



Satellite 1
Latitude error =43 kmm =2 3 nm
Longitude exror =27 km =1 5 nm

Assuming independence for these position errors, the expected latitude and longitude errors for a
flight experiment are

Latitude error = 2 75 nm
Longttude error = 1 75 nm
For static tests, 1t can be assumed that 1onospheric and multipath terms wall appear as

bias effects, and hence in evaluating the deviation of position error with respect to the mean
position error, these error sources can be neglected In this case, the composite errors are

Latitude error = 1 50 nmz

Longitude error = 0 93 nm

TABLE D6 PREDICTED RMS ERRORS IN SATELLITE TO-AIRCRAFT RANGES

Sensitvity Factors Error Allocation (km) RMS Emor (km)
Error Source Sat 1 Sat 2 Sat 1 Sat 2 Sat 1 Sat 2
Link Nose 0707 158 081 081 056 125
Instrumentation Ermror 0707 158 12 12 084 19
Termnal Delay 0707 0707 006 006 - -
Ground Processor 0707 0707 10 10 07 07
Delay (excludmg
residual bias)
Satellite Transponder 16 173 003 003 - -
Delay
Satellite Position
Along Range 0008 0008 o4 04 — -
Across Range 013 013 20 20 026 026
RMS Ermror for Static Experiments* - 1 is km 24 km
Atmospheric Effects 141 141 13 13 182 182
Multipath Effects (30%)
Satellite to AfC 05 05 25 25 125 125
AfC-to-Satellite 05 11 25 25 125 275
RMS Error for Flight Experinmenis* - 28 km 42 km

* This neglects as effects, see text

D-7/D-8



APPENDIX E
RF LINK ANALYSIS

I Introduction

The components of the RF links in the VHF Nawigation Experiment include the GCC
transmutter and recervers, the ATS-1 and ATS-3 VHF repeaters, and the awrcraft and reference
transponders The performance of the RF system 1s determined primarily by the power levels of
the transnutted signal, the output power of the repeaters, the noise characteristics of the
recievers, and the effective link losses between the different components of the system
Figure E-1 dlustrates these components and their relationship to the vartous hink losses found in
this experiment configuration This analysis mcludes a listing of the mndividual losses and gamns
which comprise each hink loss, the denvation of power sharing equations and calculation of
expected C/N values at the transponders and GCC recewvers The determunation of the C/N values
at the GCC receivers facilitates the prediction of noise-related errors m the measured sidefone
phase

II Lmk Losses

The predicted nominal worst case up-link losses are listed m Table E-1 and the down-hink
losses are histed i Table E-2 To reduce the number of uncertamties from the loss budget
parameters, such uncertamnfies as diplexer loss and cable loss were measured rather than
estimated The amrcraft antenna data was taken from the manufacturers’ data® as were the
characteristics of the reference transponder Loop-vee Antenna * The fade margms mncluded m the
losses account for mulfipath and ionospheric scmntitlation effects and were taken from the
ATS-1/ATS-3 Dual Satellite Navigation Study ° The free space losses between the transponders
and both satelhtes were assumed to be the same Since the transponder power was measured
after the diplexer, the diplexer loss 1s not included in the transponder/satellite up-link loss

I Power Sharing

The total IF output power available from each repeater 15 divided among all input signals
and receiver noise As shown in Figure E-1, the mput signals to each of the four repeaters are as
follows

ATS-3
A/R sidetone, and pilot tone, signals transmitted by the GCC
A/R sidetone signals relayed by both transponders
Transmiitted fransponder noise
Satellite noise and interference

ATS-1
A/R and sidetone signals relayed by both transponders
Transmitted transponder noise

Satellite noise and interference
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Transponders
Satellite relayed A/R and sidetone signals
Receiver noise
Satellite transmitted noise

Because of the relatively high hnk loss between the ATS-3 and the transponders, the transmitted
satellite noise can be neglected in determining the total mput power to the transponders

TABLE E-1 UP LINK LOSSES (149 2 MHz}

Nomimal Worst Case
Parameter (dB) (dB)
Common Losses
Path Loss -168 5 -169 7
Polarization Loss - 3 - 4
Satelhte Recewver Antenna Gain 8 8
Satellite Receiver Losses - 18 - 18
TOTAL -1653 —-1675
GCC-to ATS 3 (Lgg)
Cable Loss - 17 - 17
Diplexer Loss - 2 - 2
GCC Antenna Gam 13 13
Fade Margin -1 - 3
TOTAL -1570 -1612
Arrcraft-to-Satellites (L 5 g}
Cable Loss - 1 -1
Aurcraft Antenna Gamn 0 o
Aarcraft Antenna Ellipticity - 3 - 3
Fade Margin (includes multipath) - 2 - 17
TOTAL -1713 =178 5
Reference-to-Satellites (LRS)
Cable Loss - 2 - 2
Loop-Vee Antenna Gam 0 0
Loop-Vee Antenna Eihpherty - 4 — 4
Fade Margin - 1 - 3
TOTAL 1723 -176 5

It was assumed that the RF output power of each repeafer 1s constant Thus, if the repeater
has a power output of Py and has no input signal, the repeater transmits Py, watts of noise

Based on the assumptions 1n the previous paragraph, the power of a transponded signal i1s
relaied to iis recerved power by

=z (E-1)



where
P, = power level of the output signal
P, = power level of the mput signal
Py = sum of all input signals including recetver noise

Pr = repeater output power

TABLE E2 DOWN LINK LOSSES (135 6 MHz)

Noeminal ‘Worst Case
Parameter @p) (dB)
Common Losses
Path Loss —-167 =168
Polarization Loss - 3 - 4
Satellite Transmatter Antenna 85 85
Gan
Satellite Transmatter Losses - 17 - 17
TOTAL ~163 2 ~1652
ATS-3-10-GCC (Lg3g)
Fade Margin -1 - 3
GCC Antenna Gamn + 13 + 13
Diplexer Loss — 45 - 453
TOTAL —-1557 -1597
ATS-1-40-GCC (Lg1 )
Fade Margin - 1 - 3
GCC Antenna Gam + 13 + 13
Diplexer Loss - 3 - 3
TOTAL —~1542 -158 2
ATS-3 to Aweraft (Lgp)
Fade Margin (includes multipath) - 2 - 7
Arrcraft Antenna Gain g 0
Arrcraft Antenna Ellipticity - 3 - 3
Cable Loss -1 -1
Diplexer Loss - 2 - 2
TOTAL -17i2 -1782
ATS-3-to Reference (Lgr)
Fade Margin -1 - 3
Loop-Vee Antenna Gam 0 0
Loop-Vee Antenna Ellipticity - 25 - 25
Cable 1.oss - 2 - 2
Diplexer Loss - 2 - 2
TOTAL -1707 -174 7
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If the powers are expressed in dBm, Equation (E-1) can be wrnitten as
P, (dBm) = (P(dBm) + Py (dBm) — Pr(dBm) (B-2)

Developing this expression further, it can be shown that the dBm level of a signal at any
pomt 1 the hnk 1s given by

Pyg = Pyans + 2Pg — ZL — ZP; (E-3)
where all powers are expressed m dBm and losses m dB and

Pyns = the power level of the signal at 1ts source

2P, = summation of the output power of all the repeaters through
which the signal has passed

%P, = summation of the fotal mput power to each of the repeaters
ZP; = summation of the hink losses through which the signal has passed

In determuning the fotal noise power density at the four GCC receivers, the transponder noise
was treated as a separate signal transmitted from the transponder and Equation (E-3) was applied to
determine the transponder noise level at the GCC The satellite internal noise was treated in the
same manner The dBm levels of satellite, transponder, and receiver noise power densities were
converted to watts/Hz, summed and then reconverted to a dBm/Hz value The internal noise power
density mn the transponders and GCC receivers was calculated by

N, = K/L [T, + T, (LF — 1)] (watts/Hz) (E-4)

=k Ty (dBm) — L(dB) (dBm/Hz) (E-5)

where
K = Boltsmann Constant
=137 X 107233/°K
T, = antenna temperature
=261 X 107 /2 MIiz (°K)
T, = standard temperature
=290°K
L = attenuation between the antenna output and the preamplifier
F = noise figure of the preamplifier
Teg =Ty + T, (LE~1)
Thus expression assumes that the attenuator (diplexer and cables) are at standard temperature
The satellife noise power density is composed of thermal noise in addition to mnterference Past

expertence has indicated that for power-sharing purposes the total noise power 1n the satellite
100-kHz bandwidth 1s approximately —113 dBm which corresponds to a noise power density of



TABLE E-3 POWER SHARING PARAMETERS —163 dBm/Hz The actual nowse power
density in certam sections of the bandwidth

P te: Yal Units
armmetet ue " can be less than this figure smce the noise
Satellite Qutput Power (P 46 dBm power contributed by interference tends to
Satellite Nowse Power Density (N,)  —163  dBm/Hz be concentrated m certain channels within
the total bandwidth The parameters used 1n
Satelite Bandwadth (100 kHz) 50 dBHz conjunction with the link losses to deter-
Transponder Output Powes (P) 43  dBm mine power sharing are listed in Table E-3
Transponder Noise Power Density —168 dBm/Hz
(le)T) The components of the total mput
Transponder Bandwidth (8 kHz) 39 aBHz power to ATS-3 (P; ) are given by
GCC Pulot Tone Power (Ppr) 44 dBm GCC Transmtted Tones =Py — Lgg  (E-6)
GCC Acquisition A/R Tone 474 dBm Agrcraft Transponder
Power (PAR) Slgnal = PT - LRS (E"7)

Reference Transponder
Signal =Pp — L,g (E-8)

Satelhte Noise = Ng

where Pgoe = power transmitted by the GCC The components of the total mput power to
ATS-1 (P4 ) are the same as for ATS-3 provided the GCC transmitted tones are deleted

The amount of satellite power allocated to each input signal can be calculated once the
total 1nput power 1s known The power levels of the A/R and pilot tone signals transmitted from
ATS-3 can be expressed as

Pyrs=Psr + Pg — Lgg — Pisa (E-9)

Pppg=Ppr + Pg — Lgg — Py (E-10)

The power level of the A/R signal at the transponders can be determined by subtracting the
appropniate hnk loss from P,pg The total mput power to the aircraft transponder (P, ) and to
the reference transponder (P ) 1s the sum of the A/R signal and the transponder noise

The effects on power sharng caused by varations 1n the hnk losses are ilustrated in
Table E-4 Table E-5 lists, for each repeater, the percentage of total power allocated to each
mput signal for nominal hnk losses For the worst case link losses, the percentage of power
allocated to each recerwved signal would be shghtly less since the received signals are attenuated
by a larger factor while the mnput noise remams constant

IV Carrer-to-Noise Ratios

The equations developed for calculating the carmier-to-noise ratio at the transponders and at
the GCC are direct applications of Equation (B-3) As explamed m the previous section, the only
nowse source conswdered at the transponder 1s the combined antenna and transponder noise At
the four GCC recewvers, the total noise 1s the sum of recewer noise, satelhite noise, and
transponder noise

E-6



TABLE E4 EFFECTS OF LINK LOSSES ON POWER SHARING

Nommal Worst Case
Parameter (dBm} (dBm)
ATS-3 Input Power
GCC Tone Package —108 3 -1122
Arrcraft Transponder Signal -1283 —1355
Reference Transponder Signat -1293 —-13335
Satellite Noise -113 —113
TOTAL (Fig3) -1067 ~109 6
ATS-3 Output Power
Pilot Tone 399 384
AR Tone 433 418
Satellite Noise 40 426
Anrcraft Transponder Signal 247 201
Reference Transponder Signal 237 221
ATS-1 Input Power
Axreraft Transponder Signal ~1283 -1355
Reference Transponder Signal —1293 -1333
Satelhite Noise -113 —113
TOTAL (Figp) -112 38 -113
ATS 1 Quiput Power
Asrcraft Transponder Signal 305 235
Reference Tramsponder Signat 295 255
Satellite Nowse 458 459
Arreraft Transponder Input Power
A/R Tone -1281 -136 4
Transponder Noise ~129 ~129
TOTAL (F)5) -126 4 -1282
Aurcraft Transponder Output Power
AfR Tone 413 348
Transponder Noise 40 4 422
Reference Transponder Input Power
A/R Tone -1274 -1329
Transponder Noise -129 -129
TOTAL (Bg) ~125 -1274
Reference Transponder Output Power
A/R Tone 40 6 375
Transponder Noise 39 414

The carner-to-noise power ratio for the pilot and A/R tones at the aircraft are given by

C/N (PT) = PPTS - LSA - NOT — 184 dB-Hz (E—12)

and at the reference termmal by

E-7



C/N (A/R) = P,ps — Loz — Nor — 39 dB-Hz (B-13)

C/N (PT) = Pppg — Lgg — Nor — 184 dB-Hz (E-14)
TABLE E-5 POWER ALLOCATION Since the pilot tome C/N was to be exper-
(NOMINAL LINK LOSSES) mentally determined by measuring the
Repeater/Input Signal Percentage filtered rms phase detector output voltage m
the pilot tone phase lock-loop, the 70-Hz
ATS3 bendwidth (2B,;) of the loop was used
6CC AIR Tone A For the A/R tone the C/N was calculated
Satelite Noise 235 for the 8-kXHz transponder IF bandwidth
Transponder Signals is5
ATS1 The power levels of the A/R tone at
Transponder Signals 5 each of the four GCC receivers are given by
Satellste Nozse 93 the following four equations
Transponders
AR Tone 50
Transponder Nose 50
Pyri=Paps #Pp +Pg —Lgy —Lpys —Lgsg — Py — Py (E-15)
Pary= Pars + Py +Pg — Lga — Las ~ Lgigc — P4 — Pugt (E-16)
Pur3=Parg + Py +Pg — Lgg — Lgs — Lgsg —Pp — Pyg3 (E-17)
Pyra=Pags t P +Pg — Lgg — Lgg — Lgig —Pr — Py (E-18)

The dBm/Hz values of the tramsponder noise power density transmitted to the GCC receivers
are as follows

Nori = Nor +Pr +Pg — Ly — Lgsg —Pip — Pyg3 (E-19)
Norz =Nor + Pr +Pg — Lpg — Lgag — Pr — P, (E-20)
Nors =Nor * Pr +Pg — Lyg — Lgig ~ Py —Pg (E-21)
Nows = Nop +Pr + Ps — Lpg — Lgig ~ Pr — P2 (E-22)

The transmitted satellite noise power density recetved by each of the GCC receivers can be deter-
mined by

Nos; = Nog» = Nog + Pg — Lgzg — Pig3 (E-23)

Nogs = Noss = Ngg +Pg — Lgig — Py (E-24)
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TABLE E-6 DETERMINATION OF ANTICIPATED PILOT AND
A/R TONE C/N VALUES FOR ACQUISITION MODE

Parameter Nosunal Worst Case Uruts
ATS-3 Transmitted Signals
AJR Tone 433 418 dBm
Pilot Tone 399 384 dBm
Axrcraft Transponder
Noise Power Density -168 —168 dBm/Hz
AfR Tone
Recewved AfR Tone Power 1281 -1364 dBm
C/N (8 Hz) 09 - 74 dB
Pilot Tone
Recetwved Pilot Tone Power -1312 —-1398 dBm
CIN (70 Hz) 184 98 dB
C/N, 368 282 dB Hz
Reference Transponder
Noise Power Density —168 —168 ¢Bm/fHz
AJR Tone
Recewed A/R Tone Power -1274 —1329 dBm
C/N (8 kHz) 16 - 3% dB
Pilot Tone
Recewed Pilot Tone Power 1307 -1363 dBm
C/N (70 Hz) 189 i33 dB
CINg 373 317 dB Hz
GCC Pilot Tone
Recerved Satellite N, —1657 —167 7 dBm/Hz
Internal N -1681 -1681 ¢Bm/Hz
Total N, —-163 8 -1648 dBm/Hz
Recewved Pilot Tone Power -1157 -1219 dBm
C/N (300 Hz) 233 181 éB
C]No 483 431 dB Hz
GCC A/R Tone
Recerver No 1
Recewed Transponder N, -1726 -183 dBm/Hz
Recewved ATS-3 N ~1657 -16717 dBmfHz
Internal N, -1681 —-1681 dBm/Hz
Total N, —-1632 -164 8 dBm/Hz
Recerved A/R Power —1324 —1484 dBm
C/N (100 Hz) 108 - 36 dB
C/N, 308 264 dB Hz
Recesver No 2
Receved Transponder N, -175 —-1786 dBm/Hz
Recerved ATS-3 N, —-1657 -1677 dBm/Hz
Intemnal N, ~1681 -=1681 dBm/Hz
Total N, —-163 4 -164 6 dBm/Hz
Receweg AR Power -1343 —143 7 dBm
C/N (100 Hz) 21 09 dB
C, 291 209 dB Hz
Recewver No 3
Recewved Transponder N —165 3 -1745 dBm/Hz
Recewved ATS-1 N, -1584 -1624 dBm/Hz
Intemnal N -167 5 -167 5 dBm/Hz
Total N0 1572 —161 dBmfHz
Received A/R Power -1251 -1429 dBm
C{N (100 Hz) 121 - 19 dB
C,i'N0 321 181 dBfHz
Recewver No 4
Recewved Transponder Ny =167 7 -1733 dBm/Hz
Recerved ATS-1 N, —1584 -162 4 dBm/Hz
Internal N, -1675 —167 5 dBm/Hz
Total N, -1574 -161 dBm/Hz
Recewved A/R Power -1271 -1382 dBm
C/N (100 Hz) 103 28 dB

CIN, 30 3 228 dB/Hz



The total noise power density 1s then the sum of the received and internal noise power
densities The apphication of the derived equations, considering both nominal and worst case hink
losses, 1s llustrated mn Table E-6 Referrmng to the noise power density components for the four
recewvers, Table E-6 mdicates that transmitted satellite noise 1s the major noise source and exceeds
the receiver and antenna noise by a factor of 2 for the ATS-3 channel and by a factor of 10 for the
ATS-1 channel

The A/R and sidetone phase mode carrier-to-noise power ratio corresponding to the A/R
acquisition mode carrier-to-noise power density ratios can be determmed when necessary by
noting that during the ranging mode, the total power in the A/R and sidetones 1s equal to the
A/R tone power during the acquisition mode In addition, the A/R tone power 1 set 2 dB below
the sidetone power
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